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PREFACE 

The Bureau of Toxic Substance Assessment ofthe New York State Department of Health 
prepared this criteria document to assist in evaluating the health risks of exposure to 
trichloroethene in ambient air. The primary authors of this document are Kenneth G. Bogdan, 
Ph.D., Thomas B. Johnson, Ph.D., Gregg M. Recer, Ph.D., and Jan E. Storm, Ph.D. Additional 
material was provided by Mr. Ryan R. MacFee, M.S., and Ms. Andrea D. Candara, M.S. 
Department staff Drs. Daniel A. Luttinger and Nancy K. Kim served as scientific advisors. Ms. 
Michelle R; Lavigne and Mr. Ryari R. MacFee prepared the final Microsoft Word version of this 
document. 

A draft of this document was peer-reviewed by nine scientists (the TCE Panel, see. 
Appendix 3) selected for their expertise in toxicology, epidemiology, and public health. A final 
report on the draft document was submitted by the TCE Panel (Appendix 3). Responses to the 
Panel's comments are found in Appendix 4. Additional comments submitted by interested 
parties and responses are found in Appendix 5. 

All comments ofthe TCE Panel (i.e., consensus) or its members (i.e., individual) were 
considered during the preparation of this final criteria document. Also considered were new 
scientific articles (i.e., only those added to the PubMed database before June 30, 2006) and the 
results of additional analyses initiated by comments ofthe TCE Panel or by the New York State 
Department of Health staff. 

This document is not intended to be an exhaustive review ofthe trichloroethene literature, 
but is focused upon those data thought to be most relevant to human health risk assessment. The 
scientific literature was reviewed and evaluated to provide a qualitative and, to the extent 
possible, quantitative assessment ofthe toxicity of trichloroethene. 

Questions should be directed to Kenneth G; Bogdan, Ph.D., Bureau of Toxic Substance 
Assessment, New York State Department of Health, Flanigan Square, Room 330, 547 River 
Street, Troy, NY 12180-2216 or Toll-Free: 1-800-458-1158, ext. 2-7820; Fax: 518-402-7819; 
E-mail: kgb02@health.state.ny.us. 

October, 2006 
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EXECUTIVE SUMMARY 

This air criteria document summarizes important scientific literature on trichloroethene 
(TCE or trichloroethylene) and characterizes non-carcinogenic and carcinogenic human health 
risks associated with exposure to TCE in air. Potential criteria are derived using extrapolation 
methods (cross-species, low-dose, and if necessary, adult-children) and an exposure scenario 
(lifetime continuous exposure) that are consistent with standard risk assessment methods 
(i.e., ATSDR, 1994; US EPA, 1994; 2002a; 2005a,b). Pharmacokinetic and toxicologic data are 
used to support the selection of a recommended air criterion based on non-carcinogenic effects 
(i.e., reference concentration or minimal risk level) and a range of recommended air criteria 
based on carcinogenic effects (air concentrations associated with excess lifetime cancer risks of 
1 X 10''*, 1 X 10"̂ , and 1 x 10'^). A TCE air guideline of 5 micrograms per cubic meter of air 
(mcg/m'') is derived after consideration of several factors, including recommended health-based 
air criteria, analytical methods for measuring TCE in air, background concentrations of TCE in 
air, and uncertainties/gaps in the toxicologic database on TCE. 

Nature of the Guideline 

The/New York State Department of Health (NYS DOH) TCE air guideline is a ceiling air 
concentration used to help guide decisions about the nature ofthe efforts to manage and reduce 
TCE exposure. The guideline is protective of public health, but practical actions that would 
reduce exposure are still recommended at concentration below it. Air concentrations above the 
guideline indicate the need for action to manage and reduce exposures. The urgency to act 
increases as air levels increase, especially when air levels are above the guideline. In addition, 
the guideline can be used with other tools to manage and mitigate risks associated with 
exposures difficult to reduce (e.g., soil vapor intrusion). For example, the Soil Vapor/Indoor Air 
Matrix 1 (Figure 1-1) is a decision-making tool forNYS's approach to mitigating soil vapor 
intrusion into indoor air (also see "Guidance for Evaluating Soil Vapor Intrusion in the State of 
New York" on our website at http://www.health.state.ny.us/nysdoh/gas/svi_guidance/). 

Criteria Based On Non-Carcinogenic Effects 

Human and animal data show that TCE can cause non-carcinogenic effects in a variety of 
organs and organ systems. Because most human studies are limited in their exposure assessment 
and are often associated with confounding factors, animal studies provide much ofthe data used 
in the derivation of recommended health-based air criteria. However, data from human studies 
are used to derive recommended criteria based on central nervous system (CNS) effects. 

Potential air criteria for the general population are derived from critical studies that 
provide important information on the non-carcinogenic effects of TCE on sensitive organs (liver 
and kidney), organ systems (CNS and male reproductive system), or lifestages 
(embryos/fetuses/neonates, i.e., developmental effects). Potential childhood-specific criteria 
based on CNS, liver, and kidney effects are also derived. For each organ/system/lifestage, a 
recommended criterion is selected from a set of potential air criteria. .All recommended criteria 
are based on physiologically-based pharmacokinetic (PBPK) models and internal dose metrics 
that are supported by pharmacokinetic and toxicologic data. 
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A recommended criterion (11 mcg/m^) protective of CNS effects in the general adult 
population is based on a human study (Rasmussen et al., 1993), which showed neurological 
effects among Danish metal degreasers exposed occupationally to TCE for years (average of 7.1 
years) (Table 3-2). Because children might be at greater risk of CNS effects than adults under 
identical exposure conditions, a recommended childhood-specific criterion (also 11 mcg/m^) is 
derived from the occupational study. Both criteria support 10 mcg/m^ as the recommended air 
criterion based on CNS effects. 

Recommended criteria protective of liver and kidney effects in the general population, 
including children, are based on the same critical study (Kjellstrand et al., 1983b) that showed 
increased liver and kidney weights in mice exposed to 199 milligrams per cubic meter of air 
(mg/m^) TCE or more continuously for 30 days. In each case, the magnitude ofthe total 
uncertainty factor used to derive aduh criteria was determined to be adequate for use in the 
derivation of childhood-specific criteria. 

Recommended criteria (liver effects) are based on data from male mice, intemal dose 
metrics, and lower-bound estimates on the benchmark dose (BMD) associated with a 10% 
increase in critical effect (i.e., a BMDLio). They are 160 mcg/m'' when the dose metric is area 
under the curve (AUC) for unbound (free) plasma trichloroacetic acid (AUC TCA, mg-hr/L), 
290 mcg/m'' when the dose metric is peak plasma TCA (mg/L), and 250 mcg/m^ when the dose 
metric is the production of total oxidative metabolites in the liver (mg/g liver) (Table 3-6a). 
Data do not provide a sufficient basis for identification of a preferred internal dose metric 
(i.e., the dose metric that is the most reliable dose metric for exposure-response assessment). 
Thus, the lowest recommended criterion (160 mcg/m ) is the recommended criterion based on 
liver effects. 

Recommended criteria (kidney effects) are based on data from female and male mice, an 
intemal dose metric (AUC for S-(l,2-dichlorovinyl)-l-cysteine in the kidney, DCVC, mg-hr/L), 
and either a BMDLioestimate (female mice) or no-observed-effect level (male mice). They are 
160 mcg/m^ (female data) and 510 mcg/m^ (male data) (Tables 3-8a and 3-8b). Data do not 
provide a sufficient basis for identifying which sex is the better surrogate for humans. Thus, the 
lower ofthe two recommended criteria (160 mcg/m'') is the recommended criterion based on 
kidney effects. 

Recommended criteria protective of male reproductive system effects are based on two 
critical inhalation studies in anirnals. Land et al. (1981) reported morphologic changes in 
spermatozoa in mice after exposure to 10,748 mg/m'' TCE (but 1075 mg/m^) for 4 hrs/day for 
5 days. Kumar et al. (2000; 2001a) reported testicular effects (decreased testes weight, sperm 
count and motility, qualitative evidence of histological changes) in rats exposed to 2021 mg/m'' 
TCE for 4 hrs/day, 5 days/wk for 24 weeks. 

Recommended criteria are based on four intemal dose metrics (peak TCE blood (mg/L), 
AUC TCE blood (mg-hr/L), peak TCA, and AUC TCA) and either a BMDLio (Land et al., 1981) 
or an effect level (Kumar et al., 2000; 2001a). Study quality or human relevance issues do not 
provide compelling evidence to base the criterion for male reproductive effects solely on the 
recommended criteria from either critical study. Data suggest that TCA is a more reliable 
intemal dose metric than TCE for male reproductive effects, but are insufficient to determine 
confidently whether AUC TCA or peak TCA is the preferred dose metric. Thus, the lowest 
TCA-based criterion from each study is the basis for the recommended criterion: 32 mcg/m'' 
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(AUC TCA) from Land et al. (1981) (Table 3-14a) and 20 mcg/m^ (AUC TCA) from Kumar 
et al. (2000, 2001a) (Table 3-14b). The lower ofthe two criteria (20 mcg/m^) is the 
recommended criterion based on male reproductive effects. Potential criteria derived from 
critical studies (DuTeaux et al., 2004; NTP, 1986) indicative of male reproductive effects of oral 
TCE doses are supportive of this criterion. 

Recommended criteria protective of developmental effects are based on three critical 
studies (one inhalation and two oral) in animals. Healy et al. (1982) exposed pregnant rats to 
537 mg/m^ TCE, 4 hrs/day on gestation days 8-21 and reported three effects (increased 
incidence of full litter resorptions, decreased fetal body weights, and increased frequency of fetal 
skeletal anomalies). Isaacson and Taylor (1989) reported decreased numbers of myelinated 
fibers in the brains of 21-day old offspring of female rats exposed to oral (drinking water) TCE 
doses of 37 milligrams per kilogram body weight per day (mg/kg/day) (roughly equivalent to 
32 mg/m^) during gestation and lactation. NTP (1986) reported decreased postnatal body weight 
(growth) among offspring of pairs of male and female rats exposed to oral (dietary) TCE doses 
of 75 mg/kg/day during gestation and lactation (roughly equivalent to about 65 mg/m^). 

Recommended criteria are based on four internal dose metrics (peak or AUC TCA or 
TCE) and either a BMDLio (NTP, 1986), effect level (Healy et al., 1982) or lowest-observed-
effect level (Isaacson and Taylor, 1989). Study quality and human relevance issues do not 
provide compelling evidence to base a criterion for developmental effects on the recommended 
criteria from a single critical study. Similarly, data do not provide a sufficient basis for 
identifying a preferred internal dose metric. Thus, the lowest recommended criterion from each 
critical study are the basis for the recommended criterion: 38 mcg/m^ (AUC TCA) from Healy et 
al. (1982) (Table 3-23a), 19 mcg/m^ (peak and AUC TCE) from Isaacson and Taylor (1989) 
(Table 3-23b), and 22 mcg/m^ (AUC TCA) from NTP (1986) (Table 3-23d). The average ofthe 
lower two criteria (20 mcg/m^) is the recommended criterion based on developmental effects. 
Potential criteria derived from a supporting oral study (Dawson et al., 1993; Johnson et al., 1993; 
Johnson, 2005) of the developmental effects of TCE (congenital heart defects in rats) are 
supportive of this criterion. 

Compelling evidence to lessen the weight (importance) given to any ofthe recommended 
criteria because of serious concerns about the scientific quality/limitations or human relevance of 
the critical studies was not found. However, a focus on the lower range of multiple criteria as the 
source for a single criterion is consistent with general risk assessment guidelines (US EPA, 
2002a) when derived criteria are based on different organs, systems, or lifestages. The margins-
of-exposure between exposures causing CNS, reproductive, or developmental effects and 
exposures at a TCE guideline set near criteria based on liver or kidney effects (160 mcg/m'') are 
likely to be considered too small under current risk assessment guidelines (e.g., US EPA, 1994; 
2002a). Consequently, recommended criteria based on liver or kidney effects were not 
considered further in the selection of a TCE air criterion for evaluating non-carcinogenic effects. 

The three remaining endpoint-specific recommended criteria are 10 mcg/m^ (CNS) and 
20 mcg/m'' (male reproductive system or developmental effects). Two lines of evidence support 
the selection of 10 mcg/m^ as the sole criterion for evaluating the non-carcinogenic effects. (1) 
The degree of confidence in the criterion based on CNS effects in humans is higher than in any 
other criteria based on CNS or other effects in animals. It was chosen as the recommended CNS 
criterion because it is the lowest criterion well supported by pharmacokinetic and toxicologic 
data. (2) An air concentration of 10 mcg/m^ is protective ofthe other non-carcinogenic effects of 
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TCE observed in animals (liver, kidney, male reproductive system effects, and developmental) 
because the recommended criterion for each endpoint is higher than 10 mcg/m''. 

Consequently, the recommended criterion for evaluating the risks of non-carcinogenic 
effects from chronic exposure to TCE in ambient air is 10 mcg/m .̂ This air criterion is estimated 
to provide the general population, including sensitive lifestages of infants, children, the infirm 
and elderly, a sufficient margin-of-exposure over TCE air concentrations associated with non-
carcinogenic effects in humans and animals (Table 3-25). 

Criteria Based on Carcinogenic Effects 

Available epidemiologic studies provide evidence for a positive association between 
occupational TCE exposures and several types of cancer in humans, most notably liver/biliary 
cancer, kidney cancer, non-Hodgkin's lymphoma, esophageal cancer, and to a lesser extent 
Hodgkin's disease and cervical cancer. TCE is a multi-site carcinogen in animals and is 
classified as an animal carcinogen by many scientific and public health agencies. The 11th 
Annual Report on Carcinogens prepared by the National Toxicology Program (NTP, 2005) 
classifies TCE as "reasonably anticipated to be a human carcinogen." 

The human dose-response data on the carcinogenicity of TCE are insufficient to derive 
regulatory criteria primarily because of unavoidable uncertainties in the exposure estimates and 
the lack of clear dose-response relationships. Nonetheless, an occupational study of Danish TCE 
workers (Hansen et al., 2001) provides dose-response data sufficient for comparison with 
regulatory criteria based on animal cancer data. Thus, potential TCE air criteria based on the 
incidence of esophageal cancer or non-Hodgkin's lymphoma are derived from the study. Criteria 
are based on an average relative risk model (WHO, 2000) and two estimates of relative risk for 
each cancer (maximum likelihood estimate and 95% upper-bound, one estimate of a mean 
occupational TCE air concentration, and three estimates of average duration of employment 
(exposure) (Table 5-19). 

When criteria are based on upper-bound estimates of relative risk for esophageal cancer 
and non-Hodgkin's lymphoma observed in the TCE-exposed workers, the arithmetic mean, 
geometric mean, and median ofthe six estimates ofthe TCE air concentrations associated with 
an excess lifetime human risk of 1 x 10"̂  are all 0.36 mcg/m^ or about 0.4 mcg/m'' if rounded to 
one significant figure. The corresponding TCE air concentrations associated with excess lifetime 
human risks of 1 x 10"̂ and 1 x lO''' are approximately 4 and 40 mcg/m^,respectively. 

Potential air criteria based on the carcinogenic effects of TCE in animals are based on 
chronic inhalation studies (Fukuda et al., 1983; Henschler et al., 1980; Maltoni et al., 1986), 
which show that TCE caused liver cancer, lung cancer, and malignant lymphoma in mice, and 
kidney cancer and testicular tumors rats. Also derived, when possible and appropriate, are 
potential criteria adjusted for the possibility that children are more sensitive than adults to the 
carcinogenic effects of TCE exposures (US EPA, 2005b). 

For each cancer or tumor type, recommended criteria are selected from a larger set of 
potential air criteria. Recommended criteria are based on TCE air concentrations or on PBPK 
models and internal dose metrics, when their use is supported adequately by pharmacokinetic 
and toxicologic data. Toxicologic and epidemiologic evidence provide sufficient data to weigh 
more heavily criteria based on liver or kidney cancer or malignant lymphoma than criteria based 
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on lung cancer or testicular tumors. Consequently, recommended criteria for evaluating the risks 
of carcinogenic effects from chronic exposure to TCE in ambient air are based on liver or kidney 
cancer or malignant lymphoma. 

For kidney cancer, evidence supports derivation of criteria from a BMDL05 based on an 
intemal dose metric (S-(l,2-dichlorovinyl)-l-cysteine level in kidney tissue, AUC DCVC, 
mg-L/hr). However, there remains significant uncertainty about the accuracy ofthe internal dose 
estimates in animals and humans. Thus, the default dose metric (TCE air concentration 
expressed as lifetime average daily exposure or LADE) is also recommended. Mode-of-action 
(MOA) data do not support clearly either a linear or non-linear low-dose extrapolation. When 
LADE is the dose metric and linear, low-dose extrapolation is used, recommended air criteria are 
13, 130, and 1300 mcg/m for excess lifetime human cancer risks of 1 x 10' , 1 x 10 , and 
1 X lO""*, respectively (Tables 5-32 and 5-39). When an internal dose metric and linear, low-
dose extrapolation is used, recommended air criteria are 3100, 31,000 and 310,000 rricg/m^ for 
excess lifetime human cancer risks of 1 x 10'̂ , 1 x 10'̂ , and 1 x lO"'', respectively. Using a non
linear, low-dose extrapolation, recommended air criteria are 430 mcg/m when LADE is the dose 
metric and 100,000 mcg/m^ when an internal dose metric is used. 

For liver cancer, evidence supports derivation of criteria from a BMDLio based on an 
intemal dose metric (free TCA in plasma), but does not support clearly either a linear or a non
linear low-dose extrapolation. Recommended air criteria based on a linear, low-dose 
extrapolation are 1.4, 14, or 140 mcg/m ,̂ which correspond to excess lifetime human cancer 
risks of 1 X 10"̂  1 x 10'^ and 1 x lO"'*, respectively (Tables 5-31 and 5-39). The recommended 
criterion based on a non-linear, low-dose extrapolation is 48 mcg/m . 

For malignant lymphoma, lack of evidence on MOA supports derivation of criteria from 
a BMDLio based on the default dose metric (TCE air concentration expressed as lifetime average 
daily exposure or LADE) and a linear low-dose extrapolation. Recommended air criteria based 
on a linear, low-dose extrapolation are 0.3, 3.0, or 30 mcg/m , which correspond to excess 
lifetime human cancer risks of 1 x 10'̂ , I x 10"̂ , and 1 x lO"'', respectively (Tables 5-35 and 
5-39). 

For certain cancers (liver, kidney, and lung), the weight-of-evidence on the MOA 
suggests that mutagenicity (genotoxicity) may contribute to the carcinogenic process, which may 
increase the cancer risks of early life exposures (US EPA, 2005b). Thus, US EPA (2005b) 
methods were used to adjust potential air criteria (derived using linear, low-dose extrapolation) 
based on these cancers to compensate for the potential increased sensitivity of children to early-
life exposures. This adjustment was not made to potential criteria based on lymphomas and 
testes tumors, because data are insufficient to identify a plausible MOA, and when the MOA 
cannot be established, the US EPA (2005b) recommends the use of linear, low-dose 
extrapolation, without further adjustment. 

Data on the age-dependent differences in carcinogenic potencies of TCE were not found. 
US EPA (2005b) recommended default age-dependent adjustment factors were used to derive 
adjusted potential TCE air criteria based on liver, kidney, or lung cancers. Adjustments were 
made based on the default dose metric (TCE air concentration). Adjustments based on intemal 
dose metrics for kidney, liver, and lung cancer were precluded by the lack of a validated TCE 
PBPK model for children and the additional uncertainties associated with estimating model 
parameter values for children. For kidney cancer, the adjusted air criteria are 7.8, 78, 
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780 mcg/m for excess lifetime human cancer risks of 1 x 10"^ 1 x 10"̂ , and 1 x 10"̂ , respectively 
(Table 5-37). For liver and lung cancer, the corresponding adjusted air criteria are 1.1, 11, and 
110 mcg/m , respectively and 0.78, 7.8, and 78 mcg/m^ (Table 5-37). However, kidney-based 
criteria were the only adjusted criteria recommended for use in evaluating the carcinogenic risks 
of chronic TCE air exposures (Table 5-39). The adjusted criteria based on liver cancer were not 
used because the only recommended dose metric for liver cancers was an internal dose. The 
adjusted criteria based on lung cancers were not used because lung was classified as a site of 
lesser human relevance (Table 5-39). 

TCE Air Guideline 

The TCE air guideline is not based solely on consideration of health-based criteria. Other 
factors considered in guideline derivation include analytical techniques (the ability and reliability 
of methods to measure TCE in air), background levels of TCE in air, and gaps in the toxicologic 
database. Any TCE guideline must be, by itself, protective of public health. Thus, starting 
points in the derivation ofthe guideline are health-based criteria, which can be used to evaluate 
the potential for non-carcinogenic and carcinogenic effects from exposures to TCE in air. 

One health-based consideration in guideline derivation is that the guideline should not 
exceed the lowest TCE recommended criterion based on non-carcinogenic effects. 
Consequently, the guideline should not be any higher than the recommended criterion of 
10 mcg/m ,̂ which is based on CNS in humans and is protective of all other non-carcinogenic 
effects of TCE. A second health-based consideration in guideline derivation is that the estimated 
excess lifetime human cancer risk at the guideline, assuming continuous exposure, should not 
exceed 1 x IC*, approaching 1x10'^ as practical. At 10 mcg/m ,̂ upper-bound estimates of 
excess lifetime human cancer risks are 7 x 10"*, 1 x 10'*, and 3 x 10"̂  when based on data for 
liver cancer, kidney cancer, and malignant lymphoma in animals, respectively. When upper-
bound estimates are based on human data (considered less reliable than animal data for use in 
dose-response assessment), the estimated excess lifetime human cancer risk at 10 mcg/m'' is 
2 X 10"̂ . These estimated risk levels are in the lower end ofthe risk range (1 x 10"* to 1 x 10"'*) 
that is generally used by regulatory agencies when setting guidelines or standards. 

The TCE air guideline should meet certain practical requirements. In most cases, the 
guideline should not be below background concentrations (i.e., concentrations levels in or near 
building that are not near known external sources of TCE). In several studies (Table 7-1), 
background concentrations of TCE in indoor and outdoor air are mostly less than 1 mcg/m .̂ 

A second practical requirement of a TCE air guideline is the ability to measure the 
guideline concentration in air using routine, cost-effective analytical methods. New York State 
Law requires laboratories analyzing environmental samples from New York State to have current 
Environmental Laboratory Approval Program (ELAP) certification for appropriate 
analyte/matrix combinations. At present, samples must be analyzed by methods that can achieve 
minimum reporting limits to allow for assessments such as comparison to background levels 
(e.g., for TCE, this value is mostly less than 1 mcg/m'') and an evaluation of health risks. Thus, a 
laboratory certified by NYS should be capable of detecting TCE in air and measuring it reliably 
at the appropriate reporting limit (typically 0.25 to 1 mcg/m^). 

Consideration of health-related factors in addition to background levels and analytical 
capabilities led to a reduction ofthe TCE guideline by 2-fold to 5 mcg/m .̂ This decision was 
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based partly on residual concems in three toxicologic areas: (1) gaps on the non-carcinogenic 
effects of TCE, including gaps in the data on developmental effects and immunotoxicity, (2) 
concerns about adequacy of methods for evaluating health risks to children, and (3) concems 
about human carcinogenicity of TCE. 

(1) Data gaps - Although there are a large number of studies on the toxicity of TCE, there 
are methodological limitations in many ofthe studies used to derive criteria based on the non-
carcinogenic effects of TCE on CNS, liver, and kidney (see Barton and Das, 1996). In addition, 
there are gaps in the data on male reproductive system toxicity, developmental effects, and 
immunological effects (NAS, 2006). In particular, additional information is needed on two 
issues identified by recent TCE studies: whether there is a causal relationship between TCE 
exposure and congenital heart defects and whether the immune system of developing organisms 
is more sensitive than that of adult organisms to the immunological effects of TCE. These data 
gaps support a reduction ofthe tentative guideline of 10 mcg/m''. 

(2) Risk Assessment Methods for Childhood Exposures - Consensus methods to evaluate 
the potential health risks from exposures during childhood have not yet been developed. The 
methods used to derive child-specific criteria based on CNS effects, liver, or kidney effects are 
consistent with recommended methods for dosimetric adjustments from adults to children 
(pharmacokinetics) and with the organ/system specific toxicity data for TCE 
(pharmacodynamics). However, there remains the possibility that the resultant criteria might 
underestimate risks to children. This concern supports a reduction ofthe tentative guideline of 
lOmcg/m^. 

(3) Cancer Risks - lARC (1995) currently classifies TCE "as probably carcinogenic to 
humans" based on "sufficient evidence" of carcinogenicity in experimental animals and "limited 
evidence" of carcinogenicity in humans. Moreover, additional positive human epidemiologic 
studies have been published since the lARC determination. This increases concem about the 
magnitude of estimated excess lifetime cancer risks at a TCE guideline might be higher. This 
concern supports a reduction ofthe tentative guideline of 10 mcg/m''. 

In summary, a factor of 2 was applied to the tentative guideline of 10 mcg/m^ to account 
for the additional concerns outlined above. This increases the margins-of-exposure between the 
TCE guideline of 5 mcg/m'' and TCE air concentrations known or suspected of causing health 
effects in humans and animals and decreases the cancer risks associated with the TCE air 
concentration at the guideline (Table 8-1). Concentrations around 5 mcg/m^ are accurately 
measurable using routine, cost-effective methods and are unlikely to be influenced by analytical 
variability to the extent as lower concentrations. The guideline is also above almost all 
background concentrations; one survey (Weisel et al., 2005) reported a 95* percentile of 
4.2 mcg/m and a 99 percentile of 7.8 mcg/m^ 

The TCE air guideline can be used by itself to help make decisions about TCE exposures. 
It is also one ofthe tools used to help guide decisions about how to manage and reduce potential 
health risks from a specific source. There remains, as with most guidelines, a degree of 
uncertainty about the likelihood of health effects at concentrations near or at the TCE guideline. 
For most people, exposure to air concentrations above, but near the guideline, will not cause 
health effects. There are large differences between exposures at the guideline and exposure 
levels known to cause effects in humans and animals. These differences reduce the likelihood of 
human effects. In addition, the guideline is based on the assumption that people are continuously 
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exposed to TCE in air all day, every day for as long as a lifetime. This is rarely true for most 
people, who, if exposed, are more likely to be exposed for a part ofthe day and part of their 
lifetime. 
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1.0 INTRODUCTION 

Trichloroethene (TCE, trichloroethylene) is a manufactured, volatile organic chemical. It 
has been used as a solvent to remove grease from metal. It has also been used as a paint stripper, 
adhesive solvent, as an ingredient in paints and varnishes, and in the manufacture of other 
organic chemicals. TCE can evaporate into ambient air when used and it can contaminate 
groundwater and soil after improper disposal or unintended release (ATSDR, 1997). TCE in 
groundwater and/or in soil underlying buildings can migrate into soil gas and into indoor air 
through the process of vapor intrusion. 

Human and animal data show that TCE can affect the central nervous system (CNS), the 
liver, the kidney, the reproductive system, and the developing organism. Available 
epidemiologic studies provide evidence for a positive association between occupational TCE 
exposure and several types of cancer in humans. In addition, TCE is an animal carcinogen. 

Because of possible exposures of New York State (NYS) residents to TCE in air, the 
New York State Department of Health (NYS DOH) reviewed scientific literature on the known 
and potential health effects of TCE. In 2003, draft health-based air criteria were derived, and an 
air guideline of 5 micrograms per cubic meter (mcg/m'') was recommended. The definitions and 
derivations of TCE air criteria differ substantially from the definition and derivation of a TCE air 
guideline. Thus, it is important to understand how criteria and the guideline are defined, derived 
and used by NYS DOH. , 

Air criteria help characterize the potential human health risks associated with air 
exposures and are based on either non-carcinogenic or carcinogenic effects. When based on 
non-carcinogenic effects, an air criterion is essentially equivalent to an United States 
Environmental Protection Agency's (US EPA, 2002a) reference concentration (RfC) (an 
estimate with uncertainty spanning perhaps an order of magnitude of a continuous inhalation 
exposure to the human population, including sensitive subgroups, that is likely to be without an 
appreciable risk of deleterious effects during a lifetime) or an Agency for Toxic Substances and 
Disease Registry's (ATSDR, 1996) chronic minimal risk level (MRL) (an estimate ofthe daily 
human exposure to a hazardous substance that is likely to be without appreciable risk of adverse 
non-carcinogenic health effects over chronic duration of exposure, 365 days or more). When 
based on carcinogenic effects, air criteria are typically set at air concentrations corresponding to 
an excess lifetime human cancer risks of 1 x 10"*, 1 x 10"^ or 1 x lO'^ assuming continuous 
lifetime exposure. An estimated increased excess lifetime cancer risk is not a specific estimate 
of expected cancers. It cannot be used in an actuarial sense to predict the number of actual 
cancer cases. Rather, it is a "worst-case" estimate ofthe probability that a person may develop 
cancer sometime in his or her lifetime following continuous exposure to a specific air 
concentration of the contaminant. 

Air criteria are based solely on toxicologic data and science-based assessments on 
relationships between contaminant air concentrations and human health risks. They do not 
reflect consideration of other factors (e.g., analytical capabilities and background concentrations) 
that are evaluated when establishing regulatory limits on air contaminant emissions or 
contaminant air concentrations that trigger remedial actions to reduce exposures. 

The derivations of air criteria by public health agencies are developed using a relatively 
narrow range of generally accepted methods of risk assessment. The general approach for 
deriving air criteria based ori non-carcinogenic effects is consistent with methods used by the 
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National Academy of Sciences (NAS) and federal agencies such as the US EPA, ATSDR, and 
the United States Food and Drug Administration (US FDA). The basic procedures are described 
in US EPA (1994; 2000a,b; 2002a) and ATSDR (1996). Most regulatory agencies, including the 
US EPA (2001a), Califomia Environmental Protection Agency (CA EPA, 1999; 2002), NYS 
DOH (1997), and New York State Department of Environmental Conservation (NYS DEC, 
1997) ambient air program follow the same general methods for deriving criteria based on 
carcinogenic effects. These are most recently summarized by US EPA (2005a). 

Air criteria are not intended to define clean-up or action levels. For example, ATSDR 
(1996) specifically states that "...MRLs are not intended to define clean-up or action levels for 
ATSDR or other agencies." US EPA Region 3 (US EPA, 2006a) which uses health-based 
criteria (RfCs or concentrations associated with excess lifetime human cancer risk of 1 x 10"*) to 
calculate risk-based-concentrations (RBC) for contaminants in soil or air, states that "...the 
Table (ofRBCs, edit, note) should generally not be used to set clean-up or no-action levels at 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) sites or 
Resource Conservation and Recovery Act (RCRA) Corrective Action sites, to substitute for EPA 
guidance for preparing baseline risk assessments, or to determine if a waste is hazardous under 
RCRA." In other words, health-based criteria can be used as one ofthe screening tools (another 
tool are background concentrations) to identify site contaminants that might pose a potential 
health risk to public health. However, exceedance ofthe screening level does not necessarily 
indicate a risk to public health nor does it trigger actions to reduce exposures. For example, the 
US EPA Region 3 (US EPA, 2006a) states that "Chemicals can always be eliminated from the 
risk assessment at a later step than the initial screening, if appropriate.". 

The NYS DOH TCE air guideline is a ceiling air concentration used to help guide 
decisions about the nature ofthe efforts to manage and reduce TCE exposure. The guideline is 
protective of public health, but practical actions that would reduce exposure are still 
recommended at concentrations below it. Air concentrations above the guideline indicate the 
need for action to manage and reduce exposures. The starting point in the derivation of a 
guideline is the potential for non-carcinogenic and carcinogenic effects from exposures to TCE 
in air (i.e., the criteria based on non-carcinogenic and carcinogenic effects). However, the 
guideline is not simply one of the criteria and consideration of other factors is essential. These 
factors include, but are not limited to, uncertainties in the toxicity and exposure information, 
information on the nature and extent of contamination, duration of potential exposure to the 
contaminant, analytical detection limits, and background concentrations. 

The guideline itself is a tool to help make decisions about exposures to TCE. For 
example, a homeowner can use it to decide what to do with a bottle of TCE in their home, based 
on comparison of an indoor air measurement to the guideline. In addition, the guideline can be 
used with other tools to manage and reduce risks associated with exposures more difficult to 
reduce (e.g., soil vapor intrusion, see below). A NYS DOH fact sheet on TCE (Appendix 1) 
provides a general description about how it should be used. The fact sheet states, "The purpose 
ofthe guideline is to help guide decisions about the nature ofthe efforts to reduce TCE exposure. 
Reasonable and practical actions should be taken to reduce TCE exposure when air levels are 
above background, even when they are below the guideline of 5 mcg/m^. The urgency to act 
increases as air levels increase, especially when air levels are above the guideline. In all cases, 
the specific corrective actions to be taken depend on a case-by-case evaluation ofthe situation. 
The goal ofthe recommended actions is to reduce TCE levels in air to as close to background as 
practical." 
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The NYS soil vapor intrusion policy (NYS DOH, 2005b; 2006) illustrates how the 
guideline and other tools are used to help make decisions about exposures. In particular, the Soil 
Vapor/Indoor Air Matrix 1 (Figure 1-1) is a decision-making tool for NYS's approach to 
rnitigating soil vapor intrusion into indoor air, which is a source of TCE exposure for NYS 
residents. A review ofthe matrix reveals two important issues about the TCE guideline. 

• The guideline is treated as a ceiling value. Mitigation of environmental sources to 
reduce exposure is recommended whenever an indoor air sample(s) contains 5 
mcg/m^ or more of TCE. This differs substantially from the typical use of criteria, 
where exceedance of a criterion alerts public health officials to the risk of health 
effects, but does not necessarily trigger actions to reduce exposure. 

• Mitigation can be recommended and human exposures reduced even when indoor air 
levels are below the guideline of 5 mcg/m''. For example; 

• Mitigation is recommended when sub-slab soil levels exceed 250 mcg/m ,̂ even 
when indoor air levels are below the detection limit (0.25 mcg/m^) for TCE in air; 

• Mitigation is recommended when sub-slab soil levels range from < 250 mcg/m to 
50 mcg/m^ even when indoor air levels are between 1 mcg/m'' and < 5.0 mcg/m''. 

In all cases, the guideline, which was derived using standard and accepted risk 
assessment procedures and an exposure scenario of lifetime continuous exposure regardless of 
the source or person's location, is used to determine remedial actions for all TCE exposures, 
including those that may be short-term or intermittent. This provides an additional layer of 
public health protection because guidelines for short-term or non-continuous exposures are 
generally higher than those for lifetime continuous exposures. For more information on NYS 
DOH approach to the management of risk associated with soil vapor intrusion, see the document 
entitled "Guidance for Evaluating Soil Vapor Intrusion in the State of New York" at 
http://vvww.health.state.ny.us/nysdoh/gas/svi_guidance/. 

This document is separated into two parts. The first part (Chapters 1-7) summarizes 
scientific literature on the TCE, including information on pharmacokinetics (Chapter 2), non-
carcinogenic effects (Chapter 3), genetic toxicity (Chapter 4), carcinogenic effects (Chapter 5), 
standards and guidelines (Chapter 6), and sources of TCE exposures (Chapter 7). Criteria based 
on non-carcinogenic effects and carcinogenic effects of TCE are derived in Chapters 3 and 5, 
respectively. In Chapter 3, potential criteria based on effects on the CNS, the liver, the kidney, 
the male reproductive system, and developing organisms are derived. In Chapter 5, potential 
criteria based on carcinogenic effects of inhaled TCE on the liver, kidney, lung, testes, and 
lymphoid system of animals are derived. Potential criteria based on human studies are also 
derived. For both non-carcinogenic and carcinogenic effects, several potential criteria are 
derived for each target organ or system. For both types of effects, a weight-of-evidence analysis 
is used to select a small subset ofthe potential criteria as recommended criteria.' 

' After this document was essentially completed, a Committee ofthe National Academy of Sciences 
(NAS, 2006) released a report on assessing the health risks of TCE. The approaches and methods used to 
derive health-based air criteria in this document are consistent with the recommendations ofthe NAS 
Committee. 
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In the second part ofthe document (Chapter 8), a TCE air guideline of 5 mcg/m^ is 
derived. Important components of this derivation are the recommended air criteria. However, 
consideration was also given to other factors, including the analytical methods for measuring 
TCE in air, background concentrations of TCE in air, and uncertainties in the toxicologic 
database on TCE. 

2.0 PHARMACOKINETICS AND METABOLISM 

Data on the absorption, distribution, metabolism, and excretion of TCE has been most 
recently and comprehensively reviewed by ATSDR (1997), Clewell and Andersen (2004) and 
Lash et al. (2000). Key findings of these reviews most pertinent to TCE inhalation exposures are 
summarized below along with findings of additional relevant scientific studies not included in 
these reviews or that have become available since these reviews were published. 

2.1 Absorption, Distribution and Excretion 

The primary routes of TCE exposure from environmental media are inhalation and 
ingestion. Direct contact of TCE with skin may also occur, but this type of exposure is unlikely 
to contribute significantly to body burden. 

Due to its high lipophilicity and high blood:gas partition coefficient, absorption of TCE 
from the respiratory tract is rapid and extensive. Upon exposure to TCE in air, TCE pulmonary 
uptake is initially high, then decreases as TCE concentrations in blood and other tissues approach 
steady state. In rats, mice and humans, blood:gas partition coefficients are 15-26, 13-14, and 
9-10, respectively. The time required to reach peak blood concentration differs across species; 
peak blood concentration of TCE occurred within 1-2 hours in mice exposed to 100-750 parts 
per million (ppm) TCE, within 4-6 hours in rats exposed to 500-600 ppm TCE, and within 8-12 
hours in humans exposed to 100 ppm TCE (Lash et al., 2000). 

Gastrointestinal absorption of TCE is extensive and rapid, occurring by passive diffusion. 
Mass balance studies in animals indicate that absorption is nearly 100% at low-doses and 
15-38% at high doses (greater than 1000 mg/kg/day). The rate and extent of absorption of TCE 
was substantially reduced in rats dosed with TCE dissolved in com oil compared to rats dosed 
with TCE dissolved in water. This may be due to the high solubility of TCE in com oil slowing 
its diffusion from the gastrointestinal tract into the blood (Withey et al., 1983). 

TCE readily crosses biological membranes and is widely distributed throughout the body 
via the circulatory system. Due to its high lipophilicity, accumulation of TCE in various tissues 
depends upon their lipid content. Accumulation of TCE in Ussues also depends upon 
tissue/organ blood flow, volume of distribution, the blood:tissue partition coefficient, and the 
capability ofthe tissue to metabolize and eliminate TCE. TCE readily equilibrates between 
blood and richly perfused tissues such as liver, kidney, lung, and CNS. Reported partition 
coefficients for liver:blood or richly perfused tissue:blood for male rats, female rats, male mice, 
and female mice are about 1.2,1.5, 2.0, and 1.6, respectively (Lash et al., 2000). TCE distributes 
much less readily to poorly perfused tissues such as muscle., Reported muscle:blood partition 
coefficients for TCE are less than 0.5 for male and female rats and female mice and 1.00 for 
male mice. 

Adipose (fat) tissue is an important storage compartment for TCE and sequestration of 
TCE in fat is believed to markedly influence TCE pharmacokinetics. The half-life of TCE in 
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adipose tissue is estimated to be 3.5-5 hours, whereas the half-life in both richly arid poorly 
perfused compartments is estimated to be only 2-4 minutes (Lash et al., 2000). Reported 
fat:blood partition coefficients for rats and mice range between 25 and 41 (Lash et al., 2000). 
The high fat:blood partition coefficient and poor perfusion of fat contribute to accumulation of 
TCE in fat with repeated or continuous exposures. In humans exposed to 100 ppm (537 mg/m )̂ 
TCE, 6 hrs/day, 5 days/wk, blood levels of TCE reached equilibrium in 5-7 days and remained 
relatively constant as long as exposure concentration remained constant. Once exposure stops, 
the slow release of TCE from adipose stores is assumed to act as an internal source of exposure 
for other tissues, ultimately resulting in longer mean residence times and bioavailability of TCE 
that exceeds the duration of exposure (Lash et al., 2000). 

In humans, after inhalation exposure to TCE, most absorbed TCE is eliminated in urine 
as trichloroethanol (TCOH), trichloroethanol glucuronide (TCOG) and trichloroacetic acid 
(TCA) (ATSDR, 1997). A smaller proportion is eliminated in exhaled breath as TCE or as 
TCOH. Studies have also shown that the half-life of TCOH and TCOG (measured in urine) is 
about 10 hours; while the half-life of TCA (measured in urine) is 52 hours due to its extensive 
binding to plasma proteins. A similar pattern of elimination is observed in mice and rats exposed 
to TCE via inhalation. Oral exposure also results in a similar pattem of elimination in 
experimental animals. Fecal excretion is low. 

In rodents, TCE has been shown to cross the placenta and to distribute in the fetus with 
peak levels occurring 40-50 minutes after initial maternal exposures. Following gavage or 
inhalation TCE exposures to pregnant rats, fetal blood TCE and plasma TCA levels were about 
70-80% and 65% of maternal levels, respectively (Fisher et al., 1989). TCE has also been 
reported in the beast milk of mothers living in urban areas (Pellizzari et al., 1982). 

2.2 Metabolism 

Regardless ofthe route of entry into the body (inhalation, oral, or dermal), absorbed TCE 
is rapidly distributed in the blood to the liver where it is rapidly metabolized through either an 
oxidative or glutathione (GSH)-dependent pathway (Figure 2-1). At different exposure levels, 
the relative contributions of metabolites from the two major pathways may differ. For example, 
enzymatic processes involved in oxidative metabolism saturate at much lower exposures than 
enzymatic processes involved in the GSH-dependent pathway. This suggests that the GSH-
dependent pathway may be quantitatively important primarily at higher doses of TCE. 

2.3 Oxidative Pathways of TCE Metabolism 

The oxidative pathway is quantitatively the major pathway for TCE metabolism. The 
liver is the primary organ where TCE oxidative metabolism occurs although it also occurs in 
other tissues. The major oxidative metabolites resulting from this pathway are chloral hydrate 
(CH), TCOH, and TCA, all of which are believed to contribute to the toxicity of TCE. 

The initial step of oxidative metabolism is the transformation of TCE into a TCE-oxygen-
P450 complex or an epoxide intermediate (2,2,3-trichlorooxirane) by cytochrome P450 (CYP) 
dependent enzymes (Lash et al., 2000). Four different CYP isoforms (CYPl Al/2, CYP2B1/2, 
CYP2C11/6, and CYP2E1) have a role in TCE metabolism, although CYP2E1 has the highest 
affinity for TCE and appears to be the major form involved (Lash et al., 2000). This TCE-oxide 
or TCE-oxygen-P450 intermediate then spontaneously rearranges to chloral (CHL) which is in 
equilibrium with CH. Other less studied products formed from the TCE-oxygen-P450 or TCE-
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epoxide intermediate are oxalic acid (OA), N-(hydroxyacetyl)-aminoethanol (HAAE), and 
dichloroacetic acid (DCA) (through formation of an acyl chloride intermediate). 

The CH formed is rapidly reduced to TCOH in a reaction(s) catalyzed by an alcohol 
dehydrogenase (ADH) and/or by CYP2E1 or other CYP isoforms. TCA is also formed from CH 
in a reaction catalyzed by an aldehyde oxidase or from TCOH in a reaction catalyzed by 
CYP2E1 or other CYP isoforms. TCOH can be glucuronidated to TCOH-glucuronide (TCOG) 
which is excreted in urine, or it can be converted to TCA or possibly DCA in an oxidation 
catalyzed by a CYP isoform, most likely CYP2E1. Overall, more CH is converted to TCOH 
than to TCA and more TCOH is converted to TCA than to TCOG (or to DCA) (Figure 2-1). 
TCA tends to accumulate in blood due to extensive plasma protein binding (Lumpkin et al., 
2003); whereas TCOH is more readily excreted in urine. These three products ofthe oxidative 
pathway - CH, TCOH, TCA - are the major products recovered in both in vitro and in vivo TCE 
metabolism studies and all are believed to be potentially important in the toxicity of TCE. 

There is currently considerable uncertainty regarding the sources and amounts of DCA 
formed by the oxidative pathway, particularly in humans (Clewell and Andersen, 2004; 
Lash et al., 2000). CH, TCOH, and TCA are sufficiently stable to be measured in blood, but 
DCA is believed to be short-lived and its elimination rate relative to its formation rate is thought 
to prevent accumulation of measurable concentrations in blood. This makes determination ofthe 
rate and amount of DCA formation difficult to assess. Moreover, attempts to measure low levels 
of DCA in blood have been affected by problems associated with analytical methodology, 
particularly when large amounts of TCA are also present since TCA is thought to undergo non-
enzymatic conversion to DCA. Although measurable levels of DCA have been detected in blood 
from mice exposed to TCE, it is unclear whether DCA is produced in humans under normal 
circumstances. For these reasons, the possible role of DCA in toxicity of TCE is uncertain. 

As noted by Lash et al. (2000), interrorgan metabolism can enhance the further 
biotransformation of TCE metabolites ofthe oxidative pathway and has implications for target 
organ toxicity. For example, TCOG formed in the liver is excreted into bile, but little fecal 
excretion is observed due to extensive enterohepatic circulation. Once TCOG.returns to the 
liver, it may be hydrolyzed back to TCOH and be metabolized further to TCA or DCA'. In fact, a 
biphasic pattern of TCA concentrations is found in blood in the mouse, consistent with 
enterohepatic circulation of TCOH. Thus, enterohepatic circulation plays a role in the 
disposition of TCOH and TCOG. Renal-hepafic circulation is also important as it influences 
excretion of metabolites in the urine as well as the movement of toxic metabolites between liver 
and kidney. 

In general, pharmacokinetic studies indicate that rodents have a higher capacity than 
humans to metabolize TCE via the oxidative pathway, and mice have a higher capacity than rats. 
Estimated values ofthe metabolic capacity for TCE (i.e., the maximal rate of metabolism 
expressed as milligram of substrate metabolized per kilogram body weight per hour) are 23-33, 
11-12, and 4-15 for mice, rats, and humans, respectively (Lash et al., 2000). These observations 
are consistent with the in vivo observation that blood levels of TCE metabolites TCOH, CH, and 
TCA were several folds higher in mice than in rats after a single oral bolus dose. 

Other species-specific differences in oxidative metabolism of TCE have been 
summarized by Lash et al. (2000), who concluded that oxidative metabolism of TCE in humans 
is more similar to rats than to mice, and that humans have a lower overall rate of TCE 
metabolism when compared to either rats or mice. Evidence for this comes from 
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pharmacokinetic studies showing that plasma half-lives for TCA in humans range from 51-99 
hours, depending upon whether exposure is to TCE, TCOH, CH or TCA alone; whereas they 
range from 7-12 hours in rats and from 3-16 hours in mice, depending upon whether exposure is 
to TCE or TCA. Additionally, half-life of TCOH in blood of humans exposed to TCE via 
inhalation was 12 hours; whereas half-life of TCOH in blood of mice exposed to TCE via oral 
bolus was 3 hours. 

In vitro studies summarized by Lash et al. (2000) have also indicated greater similarities 
between humans and rats in TCE oxidative metabolism than between humans and mice, and 
suggest that metabolic rates are considerably lower in humans than either rats or mice. For 
example, in liver microsomes, kinetic parameters for the overall oxidative pathway were biphasic 
(low and high affinity processes) in rats and humans but monophasic in mice. Rates for high-
affinity processes were 2- to 2.5-fold faster than rates for low-affinity process in both rats and 
humans, although human microsomes possessed less overall activity than rat microsomes. 
Further, in vitro rates of oxidative metabolism of TCE in liver microsomes of mice were 
2- to 3-fold higher than in rats, attributable to the presence of higher levels of CYP2E1 in mouse 
liver microsomes. In liver supernatant, TCA formation proceeded at a much higher rate in mice 
than either rats or humans. Additionally, there is evidence that a single gene controls expression 
of CYP2E1 in both rats and humans and that gene regulation is similar in both species. Thus, the 
rat appears to be a better model than the mouse for TCE oxidative metabolism in humans. 

Of possible importance is the fact that CH can also be converted to other metabolites in 
blood and other organs. Both TCOH and TCA can be formed from CH in blood, with TCOH 
being formed primarily in plasma and TCA being formed primarily in erythrocytes. Although 
human blood evidently produces less TCOH than either rat or mouse blood, it produces 
comparatively more TCA than either mouse or rat blood. Additionally, human blood exhibits 
greater plasma protein binding than mouse and rat blood (Lumpkin et al., 2003). 

Lash et al. (2000) notes that rates of TCE oxidative metabolism appear to be different in 
the mouse lung than in other organs, which has potentially important consequences for toxicity. 
Clara cells of mouse lungs have relafively high CYP activity but relatively low ADH and UDP-
glucuronosyltransferase activity. This contributes to a comparatively high rate of TCE 
metabolism to CH and a comparatively slower rate of metabolism of CH to TCOH or TCA. 
There is, therefore, an accumulation of CH in the cells. The accumulation of CH in mouse lung 
is believed to contribute to cytotoxicity followed by enhanced cell proliferation leading to lung 
tumor formation, which appears to be unique to this species and organ. Clewell and Andersen 
(2004) note that rat lungs also possess TCE oxidative capability, although limited. 

Kidneys are directly exposed to TCE and its oxidative metabolites, since they receive 
about 25% of cardiac output and since excretion of these metabolites in urine is their major route 
of elimination. Although the kidneys contain CYP activity, including CYP2E1 activity (at least 
in rodents), total activity in the tissue as a whole is markedly lower than in liver. Nonetheless, 
renal oxidative metabolism of TCE occurs, albeit at rates that are 3- to 10-fold lower than those 
in the liver. As summarized in Lash et al. (2000) oxidative metabolism of TCE in the kidney 
may play some role in either nephrotoxicity or nephrocarcinogenicity o r - via renal-hepatic 
circulation - in liver injury. 

Recent studies have shown that oxidative TCE metabolism occurs in rodent male 
reproductive tracts, and that CYP2E1 is localized in the epididymal epithelium and testicular 
Leydig cells of mice, monkeys and humans (Forkert et al., 2002; 2003). In mice, the amount and 
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catalytic activity of CYP2E1, reflected by the formation of CHL and TCOH, was comparatively 
greater in epididymal microsomes compared to testicular microsomes; and significantly greater 
amounts of CHL were formed by epididymal microsomes incubated with TCE than by testicular 
microsomes (Forkert et al., 2002). These findings are consistent with the observation by these 
authors that inhalation exposure of mice to TCE was associated with damage to the epididymis 
manifested as sloughing of epithelial cells, and suggest that oxidative metabolism of TCE in the 
epididymis contributes to reactive metabolite(s), as yet unspecified, that cause cytotoxicity in this 
tissue. CYP2E1 has also been reported to be present in efferent ducts and epididymis in male 
rats (DuTeaux et al., 2003). CHL was detected upon incubation of efferent ductule microsomes 
with TCE; but not upon incubation of epididymal microsomes with TCE. However, 
dichloroacetylated protein adducts occurred in both types of microsomal preparations when 
incubated with TCE, suggesting their formation in both tissues. CHL was also detected in 
epididymal microsomal preparations from TCE exposed monkeys (Forkert et al., 2003). Finally, 
seminal fluid of infertile men with likely exposure to TCE (mechanics who used TCE for 
cleaning and degreasing) contained TCE and its oxidative metabolites, CHL and TCOH, 
consistent with the occurrence of oxidative metabolism in the male reproductive system 
(Forkert et al., 2003). 

2.4 Glutathione-Dependent Metabolism of TCE 

The second pathway of TCE metabolism involves the initial formation of GSH 
conjugates. GSH conjugation reactions occur more slowly than CYP-catalyzed oxidation 
reactions and the capacity of this pathway is small compared to the CYP pathways. However, 
the chemically unstable and reactive nature of some ofthe metabolites produced through this 
GSH-dependent pathway make it possible that relatively small amounts may be toxicologically 
significant (Lash et al., 2000). 

The first step in the GSH-dependent pathway is the glutathione-S-transferase (GST) 
catalyzed transformation of TCE to S-(l,2-dichlorovinyl)glutathione (DCVG), a short-lived 
intermediate. This occurs primarily in the liver, but also in other tissues, including the kidneys. 
DCVG has been detected in vivo in rats and humans exposed to TCE and in vitro in rat liver 
microsomes incubated with TCE. In humans, DCVG was detected in blood within 30 minutes of 
a 4-hour exposure to 50-100 ppm TCE and persisted for up to 12 hours. DCVG was higher in 
males compared to females (Lash et al., 2000). 

DCVG is excreted in bile or converted by gammo-glutamyltransferase (GGT) to S-(l,2-
dichlorovinyl)-l-cysteinylglycine (DCVCG) and then by various membrane-bound dipeptidases 
to S-(l,2-dichlorovinyl)-l-cysteine (DCVC). DCVG excreted into the intestines can also be 
converted to DCVC. DCVC undergoes N-acetylation to N-acetyl-S-(l,2-dichlorovinyl)-i-
cysteine (NAcDCVC) in a reaction catalyzed by a membrane bound N-acetyltransferase. 
NAcDCVC is a polar mercapturate compound readily excreted in urine of rats, mice and humans 
exposed to TCE. NAcDCVC can also be deacetylated intracellularly, regenerating the cysteine 
conjugate, although this is believed to occur slowly. 

Another toxicologically important fate of DCVC is conversion to 1,2-dichlorovinylthiol 
(DCVSH) in a reaction catalyzed by beta-lyase. The conversion of DCVC is believed to occur 
primarily in the kidney instead ofthe liver due to much higher beta-lyase activity in kidney 
compared to liver. This reactive thiol is chemically unstable and rearranges to reactive species 
that can alkylate cellular nucleophiles including proteins. Although in vivo detection of this 
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reactive metabolite has not been reported, a recent study demonstrated renal beta-lyase activity in 
humans using a substrate other than DCVC (Lash et al., 2003). 

Although the beta-lyase is considered the major bioactivation enzyme for DCVC, other 
bioactivation enzyme activities have also been described. These include renal 1-alpha-hydroxy 
(L-amino) acid oxidase (HAO), which can catalyze formation ofthe keto acid analogue of 
DCVC through an iminium ion intermediate, which can then decompose to DCVSH. This 
pathway is present in rat kidneys. However, it is not present in human kidney. A flavin-
containing mono-oxygenase pathway and a CYP3A pathway that converts DCVC and 
NAcDCVC, respectively, to their sulfoxides have also been described. The sulfoxides are 
unstable and reactive with cellular nucleophiles (Lash et al., 2000). However, available evidence 
suggests that metabolic pathways resulting in sulfoxide metabolites are not likely to be important 
quantitatively compared to the major oxidative and GSH-dependent metabolic pathways 
described. Finally, the DCVSH produced in the beta-lyase reaction may be methylated by 
intestinal microflora to a non-polar methylthio derivative that is excreted in the feces. 

Organ specific metabolism and membrane transport ofthe DCVG, DCVC, and 
NAcDCVC metabolites formed in the GSH-dependent metabolic pathway for TCE are important 
determinants of metabolite distribution and ultimately TCE toxicity. For example, in the kidney 
TCE is converted to DCVG by cytosolic GSTs, then transported across the brush-border 
membrane into the lumen where it is metabolized by extracellular GGT and dipeptidases to 
DCVC, which is associated with cytotoxicity. In the liver, DCVG is actively transported (by a 
multi-specific organic anion transporter) from hepatocytes into the bile or moves into the plasma 
from which it is extracted in the kidneys (by glomerular filtration and uptake across brush-border 
membrane or by uptake across the basolateral membrane). Once in the bile, a significant fraction 
of DCVG is metabolized to DCVC; much ofthe remainder enters enterohepatic circulation 
where it can be taken up by hepatocytes or released into the plasma and delivered to the kidneys 
for extraction as described above. Some DCVC is converted in the liver and in the kidney to 
NAcDCVC, which can either be deacetylated back to DCVC or eliminated in the urine. 

There are data suggesting that species and sex differences exist at different points in the 
GSH-dependent metabolic pathway. Based on review of multiple in vivo and in vitro studies. 
Lash et al. (2000) concluded that differences among species or between sexes in the rate of initial 
conjugation of TCE with GSH to form DCVG may or may not be present, but that conversion of 
DCVG to DCVC may be greater in rats than either mice or humans due to greater hepatic GGT 
activity. This may provide more substrate for the beta-lyase reaction in rats compared to other 
species, and thus contribute to greater nephrotoxicity in rats compared to other species. 
Additionally, in kidney cytosol preparations, beta-lyase activity in mice and humans was 
characterized by markedly higher affinity (Km) and markedly lower maximal rates of metabolism 
(Vmax) than rats. Since beta-lyase catalyzes the formation of cytotoxic products, these 
observations are consistent with the notion that TCE is comparatively more nephrotoxic in rats 
than in other species. Km and Vmax values for male rats were also higher and lower, respectively, 
than for female rats, consistent with the notion that male rats are more susceptible to TCE 
induced nephrotoxicity than female rats. 

2.5 Physiologically Based Pharmacokinetic Models 

Species- and organ-specific information on absorption, distribution, metabolism and 
elimination has been used by many investigators to develop physiologically based 
pharmacokinetic (PBPK) models for TCE (US EPA, 2005c). Appropriately validated PBPK 
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models are useful for estimating target tissue doses under specified conditions of TCE exposure. 
Target tissue doses are assumed to better reflect the biologically effective dose than applied 
exposure concentration or intake. Validated PBPK models reduce uncertainty in cross-species 
extrapolation of exposure data from experimental anirnals to humans by accounting for cross-
species differences in absorption, distribution, types and rates of metabolism, and excretion of 
chemicals (Clewell and Andersen, 2004). PBPK models can also reduce uncertainties in 
extrapolating across routes of exposure (e.g., from oral to inhalation). 

In a PBPK-model, each species is described by a collection of physiological parameters 
that generally include body weight, tissue volumes, tissue blood flows, ventilation rate, cardiac 
output, compound-specific blood:air and blood:tissue partitioning coefficients and compound-
specific metabolic pa;rameters. A system of simultaneous differential equations describes the 
rates of change in amounts of parent compound and metabolites in all tissue compartments. 
Most isuch models assume tissue concentrations are perfusion limited, with rapid partitioning 
between blood and tissues and rapid, complete mixing within tissue compartments. 

PBPK models for TCE developed by Clewell et al. (2000) and Fisher (2000) were 
described in the US EPA-funded "state-of-the-science" monographs on TCE published as an 
Environmental Health Perspectives Supplement. Also in this volume, Bois (2000a,b) applied 
hierarchical Bayesian statistical analyses to the Clewell et al. and Fisher models. This method 
uses Markov Chain Monte Carlo (MCMC) sampling to yield posterior estimates ofthe model 
parameters, based on prior distributions and observed TCE pharmacokinetic data. By estimating 
the joint distribution fiinction ofthe complete parameter set, the Bayesian MCMC model 
parameterization addresses statistical uncertainties raised by ad hoc parameter estimation 
procedures that assume independence among all model parameters (Bemillon and Bois, 2000). 

In this document, the PBPK model described by Clewell et al. (2000), re-parameterized 
using the posterior maximum likelihood estimates from the Bois (2000b) Bayesian statistical 
analysis, is used to estimate target tissue doses (i.e., dose metrics) for use in exposure-response 
analyses. The Clewell and Fisher model structures were similar. The Clewell model was chosen 
primarily because it included explicit treatment of TCE metabolic pathways in the lung and 
kidney and because it provided complete parameterization for rats in addition to mice and 
humans. The Bois re-parameterization ofthe Clewell model produced predicted 
pharmacokinetic behavior that modestly improved the fit with observed human data compared to 
the original Clewell et al. parameter set (e.g., Clewell et al. (2000) Figure 15 vs. corresponding 
Bois (2000b) Figures 4-6; and Clewell et al. (2000) Figures 14, 16 and 17 vs. corresponding 
model runs using our implementation ofthe Clewell/Bois model). 

Briefly, the Clewell et al. (2000) PBPK-model describes the body as six compartments 
(liver, gut, tracheobronchial region, fat, all other slowly perflised tissues and all other rapidly 
perfused tissues) and accommodates inhalation and oral exposures. Three metabolic sub-
compartments describe the metabolism of TCE to TCA, DCA, and TCOH via oxidative 
metabolism in the liver; metabolism of TCE to CHL via oxidative metabolism in the 
tracheobronchial region; and liver GSH metabolism of TCE to DCVC leading to generation of 
DCVC derivatives in the kidney, termed KTOX. The liver metabolic sub-compartment also 
includes enterohepatic circulation of TCOH and its glucuronide. The initial oxidative metabolic 
steps from TCE to TCA and TCOH in the liver do not include modeling of CHL production, and 
instead assume that CHL is present only transiently and is rapidly metabolized to either TCA or 
TCOH in a fixed proportion. Saturable kinetics in the liver apply to the oxidation of TCE to 
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TCA and TCOH (via CHL), to the oxidation of TCOH to TCA, to the reduction of TCOH to 
DCA, to TCOH glucuronidation, to the reduction of TCA to DCA and to the reduction of DCA. 

The model dose metrics include TCE concentrations in blood (mg/L) and breath 
(mcg/m'') and areas under the curve (AUC) in venous blood (mg-hour/L); TCA, DCA and TCOH 
concentrations (mg/L) and AUCs in plasma (based on corresponding volumes of distribution) 
(mg-hour/L), total oxidative itietabolism in the liver (mg/g liver), CHL concentration and AUC 
in the tracheobronchial compartment, concentration and AUC of DCVC derivatives in the 
kidney, urinary excretion of TCE and metabolites and clearance parameters (mg/hour) for each 
metabolite from respective target tissues. 

The Bois (2000b) parameterization ofthe Clewell et al. (2000) model was implemented 
in Berkley Madonna (v. 8.0.1, Macey and Oster, 2000), a general-purpose programming 
environment for solving systems of differential equations. The detailed model description of 
Clewell et al. (2000) was followed in the implementation, with a few exceptions as noted below. 
The model was initially run using parameter values for rat, mouse and human used by Clewell 
et al. (2000) to confirm that equivalent dose-metric model predictions were obtained. The results 
of this internal validation testing matched the published results in nearly all cases. Minor 
differences were attributable to minor discrepancies in reported units and a model parameter 
value published in Clewell et al. (2000) that was in error (Clewell, 2004). Once the internal 
validation testing confirmed that the model structure was correctly implemented, the Bois 
(2000b) parameter value set was substituted for the Clewell et al. (2000) parameter values and 
similar internal validation testing confirmed that the predictions using this parameter value set 
closely matched those presented in Tables 5 and 6 of Bois (2000b). 

PBPK modeling was used to estimate internal dose metrics corresjjonding to 
experimental exposure regimes in animal TCE toxicity studies. Once critical studies were 
selected, PBPK model runs simulating the route, frequency, and duration of exposure were 
conducted to estimate internal dose metrics judged relevant to the MOA for the toxic endpoint 
reported in each study. These internal dose metrics were then substituted for the corresponding 
external exposure measures (i.e., applied dose or air concentration) in dose-response analysis 
following either the no-observed-effect level (NOEL)/lowest-observed-effect level (LOEL) 
approach or using US EPA (2001b) Benchmark Dose Software Version 1.3 to identify a point-
of-departure for low-dose extrapolation. 

The point-of-departure dose metrics from animal data were used as target human intemal 
dose metrics from which corresponding air concentrations were estimated (i.e., air concentrations 
that, under continuous exposure conditions, would result in the specified dose metric value). To 
obtain air concentrations associated with target internal dose metrics in humans, the human 
PBPK-model was run iteratively, assuming adult lifetime continuous inhalation exposure, iat 
varying air concentrations until the model output equaled the target internal dose metric as 
described by Clewell et al. (2002a). 

The algorithm for obtaining equivalent human air concentrations from animal intemal 
dose metrics varies slightly between assessments of non-carcinogenic and carcinogenic 
endpoints. For non-carcinogenic endpoints, the continuous air concentration derived by the 
iterative modeling procedure described above was divided by uncertainty factors to account for 
cross-species variability, intraspecies variability, use of a LOEL and/or use of a sub-chronic 
study. Following US EPA (1994) guidance, the default cross-species uncertainty factor (which 
is thought of as reflecting contributions due to both pharmacokinetic and pharmacodynamic 

11 

AR100383



variability) was reduced from 10-3. This reflects reduced uncertainty in the pharmacokinetic 
component resulting from use of PBPK-modeling. 

For carcinogenic endpoints, humans and animals are assumed to be at equal risk given 
equal target-tissue exposure (US EPA, 1992). Thus, the animal intemal dose metric point-of-
departure (usually an intemal benchmark dose limit (BMDLio)) is considered the equivalent 
human target intemal dose metric (but see below regarding TCA plasma protein binding). The 
human target intemal dose metric was divided by a linear extrapolation factor (LEF) to estimate 
the target tissue concentration associated with a specified lifetime upper-bound excess cancer 
risk (e.g., the intemal BMDLio point-of-departure is divided by 10̂  to yield a one-in-one-million 
excess lifetime risk). The reverse-modeling procedure described above was then applied to the 
extrapolated internal dose metric to yield the associated air concentration assuming lifetime 
continuous exposure in humans. 

Cancer air criteria other than the 1x10"* lifetime excess cancer risk (assuming either 
linear or non-linear MOA, see Section 5) were derived directly from the 1x10"* air 
concentration by multiplying that air concentration by an appropriate factor assuming that, at 
relatively low exposure levels, the PBPK model exhibits a linear relationship between 
continuous inhalation exposure level and intemal dose (as in Barton and Clewell, 2000; Clewell 
and Andersen, 2004). Factors for linear criteria were obtained from the ratio of LEFs at different 
lifetime excess cancer risks (e.g., = lOVlO'* = 10 for the lifetime 1x10"^ excess cancer risk). 
Factors for non-linear, RfC cancer criteria were obtained from the ratio ofthe 1x10"* LEF and 
the total uncertainty factor for the endpoint of interest (e.g., = 10^3000 = 33 for liver cancer). 
To verify the linear PBPK internal-dose vs. air-concentration assumption, the human PBPK 
model was run over a range of continuous inhalation exposure levels. The results for AUC TCE, 
AUC TCA, AUC CHL, total oxidative metabolites, and KTOX were found to be essentially 
linear with air concentration up to at least 1000 mcg/m .̂ Over 1000 mcg/m ,̂ AUC TCA begins 
to exhibit some non-linear kinetics (about 23% higher than a linear response would predict at 
10,000 mcg/m^), but other metrics are not substantially affected by non-linear kinetics until air 
concentrations greater than 10,000 mcg/m''. 

2.5.1 Uncertainties in TCE PBPK Modeling 

PBPK models for TCE are continuing to evolve. In late 2004 (after most 
pharmacokinetic and dose-response modeling work for this document had been completed), a 
revised PBPK-model structure intended to "harmonize" the Fisher, Clewell et al. and Bois 
models was publicly released as a draft for peer consultation (TERA, 2004). The harmonization 
process included efforts to develop a single model structure, incorporate TCA plasma protein 
binding into the liver metabolite sub-model, and evaluate the revised model structure against a 
combination of data sets used in previous models by Bois (2000a,b), Clewell et al. (2000) and 
Fisher (2000). The model structure resulting from this harmonization process was not 
substantially different from the previous Clewell et al. (2000) structure. However, based on the 
interim results of this peer-consultation, a number of scientific issues remained to be fully 
investigated, including the evaluation of alternative model structures, a comprehensive review of 
all published pharmacokinetic data on TCE in relation to PBPK model predictions, variation in 
metabolic parameters needed to calibrate the model to different experimental data sets, and the 
kinetics of TCA protein binding (US EPA, 2005c). The interim results from the TCE PBPK 
model harmonization process are not reflected in the current analysis. 
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US EPA (2005c) has noted a number of specific unresolved areas of scientific uncertainty 
surrounding TCE pharmacokinetic modeling in an issues paper prepared for a National Research 
Council TCE review panel. Estimation of metabolic parameters is one area of uncertainty. The 
magnitude of DCA production from TCE exposure is not well understood, with very limited data 
in humans and uncertainties in DCA data from all species due to known analytical artifacts 
(Ketcha et al., 1996). Substantial uncertainties also exist concerning other metabolites with low 
circulating concentrations including CHL and GSH-conjugation pathway metabolites 
(e.g., DCVC). Relative contributions of liver and target tissue metabolism to CHL and DCVC in 
the lung and kidneys, respectively, are unknown. Uncertainty also remains regarding the relative 
importance of CHL lung production in rodents vs. humans and whether or not DCVC is the sole 
or primary precursor of a reactive metabolite in the kidney. Some uncertainty also remains 
regarding metabolic parameters for oxidative metabolism in the liver. Substantial differences 
have been reported in estimated values ofthe Michaelis-Menton parameters (Vmax and Km) 
depending on the data set used to calibrate the model. 

Enterohepatic recirculation of TCOH is known to occur, but its significance for 
quantitative evaluation of internal TCA and TCOH dose metrics is uncertain. The Clewell et al. 
(2000) model included recirculation in their model structure, noting that the prolonged TCOH 
time course in humans is consistent with significant enterohepatic recirculation and also helps 
explain the long half-life of TCA in humans. However, gut resorption was set to zero for their 
published analyses, while the Bois (2000b) re-parameterization resulted in non-zero estimates for 
biliary excretion and gut re-uptake. Sensitivity of model estimates to recirculation parameters 
has not been systematically evaluated. 

TCA is known to bind to plasma proteins, and some evidence is available suggesting that 
plasma protein binding differs among rats, mice and humans (Lumpkin et al., 2003). Their 
results showed protein binding over a range of plasma concentrations, with the fraction bound in 
humans roughly twice that of rats, and roughly four times that of mice over much of that range. 
A common modeling assumption is that only the free fraction in plasma is available for exchange 
with tissues (US EPA, 2005c). However, the effect of protein-binding variation on predictions 
of TCE PBPK models has not been thoroughly evaluated. Clewell and Andersen (2004) 
recommended a simple proportional adjustment in the total plasma TCA metric to give 
equivalent rodent and human plasma TCA levels on a free-fraction basis. In contrast, a recent 
poster presentation suggested the effect of protein binding on model predictions could be much 
larger than a simple proportional adjustment (Keys et al., 2005). In the current analysis, TCA 
dose metrics are expressed both as unadjusted plasma concentrations not accounting for species 
variation in protein binding, and as adjusted plasma concentrations accounting for protein 
binding using a proportional adjustment based on the relative binding data from Lumpkin et al. 
(2003). 

Current TCE PBPK models assume perflision-limited distribution of parent compound to 
all compartments. However, recent investigations have considered the possibility of diffusion-
limited dynamics of TCE in the fat and liver compartments (Keys et al., 2003). A model 
describing the fat compartment as diffusion-limited and representing the liver as perflision-
limited "shallow" compartment linked to a diffusion-limited "deep" compartment improved the 
predicted time course of liver and fat TCE concentration in rats exposed via inhalation or intra-
arterially. TCE blood concentrations in rats were only slightly over-predicted in the original 
perfiision-limited model, compared to the expanded model. However, the total TCE metabolized 
in the liver was not substantially changed in this model compared to the perfiision-limited case. 
Keys et al. concluded that, because liver TCE oxidative metabolites are not lipophilic (and would 
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therefore be unaffected by the presence ofthe deep liver compartment), their predicted 
concentrations would not be altered in this model. These results do not suggest that dose-metric 
extrapolations based on TCE oxidative metabolites are likely to be substantially affected by the 
inclusion of diffusion-limited liver and fat sub-compartments to the model stmcture used in this 
analysis. Dose-metric extrapolations based on TCE levels in blood might be expected to 
increase slightly based on this expanded model structure, compared to the model used in the 
current analysis. However, if the effect ofthe diffusion-limited sub-compartments on the human 
PBPK model predictions were quantitatively similar to and in the same direction as the effects in 
rodents, the overall result on any dose-metric extrapolations would be expected to be negligible. 

3.0 NON-CARCINOGENIC EFFECTS 

The non-carcinogenic health effects associated with exposure to TCE have been recently 
reviewed (ATSDR, 1997; Barton and Clewell, 2000; US EPA, 2001a). The scienfific literature 
is extensive and effects on a number of target organs and organ systems have been documented. 
Due to the large amount of toxicity information on TCE, this document focuses on studies 
dealing with the most prominent, well recognized and sensitive targets for non-carcinogenic TCE 
toxicity with respect to chronic exposure, including the CNS, liver, and kidney. It also deals 
with the male reproductive system and the developing fetus which recent evidence suggests may 
be affected by shorter-term TCE exposure. Studies on endocrine and immune system toxicity 
were also reviewed, and while they provide suggestive evidence that TCE can cause adverse 
effects on. these systems, studies were not adequate to support derivation of a potential air 
criterion and so these systems are not considered fijrther. 

The information summarized here is not intended to be a comprehensive review of all the 
scientific literature on TCE. Instead, critical studies (i.e., studies that contribute most 
significantly to the qualitative and quantitative assessment of risk), especially via inhalation, are 
summarized and evaluated. Critical studies are identified for organ/system/lifestage that appear 
to be sensitive to the effects of TCE exposures. Thus, critical studies are often those studies that 
document exposure and effects at low TCE exposure or dose levels. Also described are studies 
providing MOA and other supporting information relevant to health endpoints identified in 
critical studies, and studies with less precise exposure information than critical studies, extremely 
high levels of exposure, or other limitations. Both types of studies can be used to support air 
criteria based on the data from the critical studies. 

Low-Dose and Cross-Species Extrapolation Procedures 

The general processes followed to extrapolate from high to low exposures and from 
animals to humans for non-carcinogenic endpoints are illustrated in Figure 3-1. To provide 
information on how different procedures influence the derived TCE air criteria, both default and 
PBPK-based low-dose and cross-species extrapolation approaches were applied. 

Default Approach to Dose Extrapolation 

Exposure-response relationships are evaluated for each critical study in accordance with 
standard procedures using air concentration as the measure of exposure. NOELs or LOELs, 
expressed as adjusted (i.e., time weighted, continuous) TCE air concentrations (if warranted) are 
identified as points-of-departure for low-dose and cross-species extrapolation. A point-of-
departure is the starting point for the extrapolation from the range-of-observation in human or 
animal studies to the human doses that are likely to be without appreciable risk of non-
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carcinogenic health effects (i.e., health-based air criteria). Alternatively, if the study reports 
sufficient information (i.e., dispersion measures for continuous variables, etc.) points-of-
departure are estimated using the US EPA's (2001b) Benchmark Dose Software Version 1.3.2 to 
fit appropriate models to exposure-response data as described in US EPA's BMD Technical 
Guidance Document (US EPA, 2000c). The 95% lower limit on the exposure level associated 
with a 5 or 10% benchmark response (BMR) (i.e., BMDLos or BMDLio, depending on which is 
within the range of observation) was used as the BMD point-of-departure. For dichotomous 
endpoints (e.g., presence of a birth defect), response is modeled as outcome incidence 
(specifically extra risk). For continuous endpoints (e.g., liver weight), the 10% BMR was 
assumed to occur at an increase in the mean level ofthe continuous variable equal to one control-
group standard deviation following US EPA (2000c) guidance. 

Points-of-departure are converted to human equivalent concentrations (HEC) according 
to US EPA guidelines for deriving RfCs (US EPA, 1994). For gases and vapors such as TCE 
that have limited water solubility, are not directly reactive in the airways and only cause effects 
at sites distant in the body from the respiratory tract (referred to as Category 3 gases), simplified 
PBPK models in animals and humans were developed to estimate air concentrations that would 
result in equal blood concentrations (an internal dose assumed proportional to target tissue 
concentration). The results of this derivation showed that, at steady state (the relevant condition 
for chronic exposure) and assuming that important physiological factors scale allometrically, 
blood concentrations ofthe parent compound depend primarily on blood:air partitioning 
coefficients and the extent of parent-compound metabolism. Equal parent steady state blood 
concentrations occur at equal air concentrations when the animal and human blood:air 
partitioning coefficients are equal if the chemical is metabolized at similar rates. If the blood:air 
partitioning coefficient in humans is greater than in animals, the human air concentration should 
be decreased by multiplying the animal air concentration by the animahhuman ratio. If the 
blood:air partitioning coefficient in humans is less than in animals, then a ratio of 1 is applied to 
be conservative (for TCE, the ratios are 0.83 and 0.68, Appendix 2, Table A-1). This approach, 
rather than the approach based on intake on a milligram inhaled per kilogram body weight basis, 
is the recommended US EPA (1994) approach for estimating HEC from animal exposure levels 
in the absence of validated pharmacokinetic models for animals and humans. 

In a typical derivation, the human equivalent concentration is divided by uncertainty 
factors to estimate an air criterion. Each uncertainty factor generally has a value of 3 or 10, and 
compensates for variation or areas of uncertainty in the toxicity data for the chemical. Typically, 
several uncertainty factors are used and are intended to account for: 

• the uncertainty in extrapolating from a LOEL rather than from a NOEL; 
• the uncertainty in extrapolating from average human response to the response in sensitive 

subgroups (intraspecies uncertainty); 
• the uncertainty in extrapolating animal data to humans (interspecies uncertainty); and 
• the uncertainty in extrapolating from data obtained in a study with less-than-chronic 

exposure to chronic exposure. 

When air criteria are derived, however, the interspecies uncertainty factor is divided into 
two components (pharmacokinetic and pharmacodynamic). The pharmacokinetic component of 
cross-species extrapolation is accomplished by applying the default Category 3 gas dose metric 
adjustment factor of 1 to the human equivalent concentration based on the higher blood:gas 
partitioning coefficient in experimental animals compared to humans (US EPA, 1994). Possible 
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cross-species differences in pharmacodynamic responses to TCE between humans and animals 
are considered by applying an uncertainty factor of 3 to the human equivalent concentration. 

This general approach for deriving criteria has been used by the NAS and federal 
agencies such as ATSDR, US EPA, and the US FDA. The basic procedures are described in 
ATSDR (1996) and US EPA documents (1994; 2000a,b; 2002a). 

PBPK-Based Approaches to Dose Extrapolations 

Exposure levels from animal studies are expressed as biologically relevant intemal dose 
metrics based on MOA information and evidence of a direct relationship with the response. 
Depending upon information available in the critical study, NOEL(s), LOEL(s), or BMDL(s) 
expressed as appropriate dose metrics, are identified as points-of-departure for low-dose and 
cross-species extrapolation. These points-of-departure are defined, identified, and derived as 
they were in the default approach, except that exposure is expressed as an intemal dose instead 
of as an air concentration. 

Iterative runs ofthe human PBPK model (described in Section 2.5) were used to find the 
TCE air concentration under conditions of continuous exposure where the human internal dose 
metric equals the intemal dose metric at the point-of-departure (i.e., the human equivalent 
concentration). Uncertainty factors were then applied to the human equivalent concentration to 
obtain potential criteria. This approach is consistent with a recommendation in Clewell et al. 
(2002a). The selection of uncertainty factors followed the same guidelines that were uised in the 
selection of uncertainty factors for use with default HEC. 

3.2 Childhood-Specific Air Criteria 

Certain human lifestages (e.g., children) might be particularly sensitive to the effects of 
environmental contaminants and might be more sensitive than adults to the same biologically-
effective-dose of a contaminant (NRC, 1993). Lifestages have disfinct anatomical, 
physiological, and behavioral or fitnctional characteristics that contribute to potential differences 
in vulnerability to environmental exposures (US EPA, 2006b). Childhood is a lifestage that lasts 
from birth until the child reaches sexual maturity, which could be anywhere between 12 and 21 
years of age. 

The US EPA (1994) guidance for deriving RfCs does not explicitly address deriving 
childhood-specific criteria for the extra-respiratory effects of Category 3 gases, such as TCE. 
Since its first use by US EPA, the RfC has been defined as an estimate of a continuous exposure 
concentration to the human population, including sensitive subgroups, that is likely to be without 
appreciable risk of deleterious non-carcinogenic health effects during a lifetime. More recently, 
US EPA (2002a) has defined chronic exposure as any exposure lasting 7 years or more, and so, 
RfCs are appropriate values for evaluating the potential health risks of childhood exposures. 
However, there are well-established anatomical, physiological, and pharmacokinetic differences 
between adults and children. These differences raise concerns that children might be more 
sensitive to toxicants that adults, which limits the uncritical acceptance ofthe argument that 
criteria derived for adults from studies on aduh or mature animals also are health protective of 
children. These real and potential differences suggest a case-by-case evaluation ofthe potential 
for children to be more sensitive than adults to the specific effects of toxicants. For example, 
derivation of a childhood-specific criterion in addition to the conventional criteria might be 
considered when evidence suggests that childhood exposure has the potential to pose a unique 
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risk of adverse effects - such as a period of rapid post-natal development in an organ system that 
could be particularly vulnerable to permanent damage from a relatively short-term exposure - or 
when physiological differences between children and adults could result in substantially different 
intemal dose metrics under the same exposure scenario. 

Derivation of childhood-specific criteria poses two unique problems not faced in the 
derivation of criteria for adults. (1) How to estimate the child equivalent concentration from data 
from studies of adult humans or animals (pharmacokinetics). (2) Are children more or leiss 
sensitive than adults to the same intemal dose (pharmacodynamics). The answers to these 
questions may depend, in part, on the nature ofthe effect (acute or chronic) and the likely 
proximate toxicant (parent compound or metabolites) for the effect. 

Estimation of a Child Equivalent Concentration 

Parent Chemical 

Animal Data 

Ideally, estimating childhood-specific criteria from animal data would use validated 
PBPK modejs for experimental animals and children of varying ages. Validated PBPK models 
for children exposed to TCE are not available. In the absence of validated models, the US EPA 
(1994) guidance for inhalation exposures, based on simplified PBPK models in animals and 
humans, can be applied to childhood exposures. Since TCE is a Category 3 gas, and animal 
blood:air partitioning coefficients are greater than human, this would imply that equal internal 
dose metrics for the parent chemical are obtained at equal air concentrations, as in the lifetime 
case. 

US EPA (1994; Figures J-2 and J-3) showed that using the Category 3 gas guidance for 
default dose extrapolation results in exposure estimates in human adults (i.e., HEC) that are 
generally lower (i.e., more conservative) than the older default approach based on intake per unit 
body weight. Using reference values for body weight and inhalation rate in experimental 
animals (adult rats and mice) and humans at varying ages shows that this relationship holds 
regardless of age (Table 3-0). Therefore, as a default approach to estimate childhood parent-
chemical dosimetry associated with toxic effects observed in animals, the childhood exposure 
level was taken to be equal to the experimental animal exposure level in mcg/m''. 

Human Data 

In the case where exposures are extrapolated from adult human data to children, parent-
chemical internal doses of inhaled Category 3 gases depends primarily on blood:air partitioning, 
respiratory rate, cardiac output and clearance (Ginsberg et al., 2004a). At steady-state (the 
condition relevant to continuous or repeated exposure scenarios of more than roughly 1 week for 
TCE), the blood:air partitioning coefficient becomes the driving factor controlling blood 
concentration. This is because, under these conditions, increased respiration rate (contributing to 
increased intake per unit body weight as would occur in a child compared to an adult) is 
countered by increased exhalation rate contributing to increased excretion. The net effect on 
parent-chemical blood concentration is negligible if partitioning is not different across different 
ages. The predominance of blood:air partitioning controlling parent-chemical dosimetry would 
be further enhanced during the first few months of life m humans since clearance mechanisms 
(i.e., liver metabolism and renal clearance) are generally immature during this period. This 
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would make excretion via parent-chemical exhalation proportionately more significant than in 
adults (Ginsberg et al., 2004a). 

Human age-specific blood:air partitioning data are sparse and appear to come only from 
anesthesiology studies. Studies of volatile anaesthetic gases showed that child blood:air 
partitioning coefficients were usually lower than adult coefficients, although differences did not 
exceed about 20% (Lerman et al., 1984; 1986; Malviya and Lerman, 1990). A study of enflurane 
anesthesia induction found that using age-specific blood:air partitioning coefficients (based on 
Lerman et al.'s data) improved the predictive accuracy of a physiological inhaled anesthesia 
model. Improved model accuracy was observed when child coefficients were approximately 
15% lower than aduh values (Vermeulen et a|., 2002). The blood:air partitioning coefficients of 
lipophilic gases and vapors (which would generally include all Category 3 gases) tend to increase 
with increasing blood lipid levels (e.g., Hu et al., 2001; Lin et al., 2002; Malviya and Lerman, 
1990), which would also predict somewhat lower blood:air partitioning in young children, since 
average blood triglyceride and cholesterol levels are lower in young children than in adults 
(e.g., Lerman et al., 1984). Based on this information, differences in blood:air partitioning are 
not expected to contribute to increased steady-state parent-chemical blood levels in young 
children breathing Category 3 gases, compared to adults at equal exposure levels, and could 
result in somewhat lower levels in children. 

Steady-state pharmacokinetic modeling tends to support the conclusion that, for Category 
3 gases with blood:air partitioning coefficients similar to or less than TCE, parent-chemical 
blood concentration in infants are predicted to be generally similar to or less than young adult 
concentrations at the same exposure level (e.g., Clewell et al., 2004; Ginsberg et al., 2005; 
Sarangapani et al., 2003). Parent chemical blood levels may reach higher initial (pre-steady 
state) levels than adults exposed to the same air concentration (e;g., Abraham et al., 2005a,b), 
until the enhanced exhalatory excretion in young children comes into effect, but this difference is 
more relevant to acute exposure scenarios. 

Data comparing internal dosimetry in adults and children breathing volatile organic 
compounds (VOCs) are sparse. Blood VOCs levels measured repeatedly from a probability 
sample of children in two Minneapolis Minnesota neighborhoods found median levels similar to 
or less than adult levels from a reference group of non-occupational ly exposed adults in a 
national probability sample known as the National Health and Nutrition Examination Survey 
(Ashley et al., 1994) for 10 ofthe 11 compounds (Sexton et al., 2005). This comparison is 
limited because it does not reflect adults and children who breathed the same air, nor were the 
samples collected at the same time, but it is suggestive that randomly-selected adults and 
children exposed to background levels of VOCs in air have similar circulating VOC levels in 
blood. A similar survey study in Thailand compared benzene personal (breathing-zone) air 
monitoring and blood levels measured contemporaneously in non-smoking children from a 
provincial and a Bangkok school (10-12 year old boys) and an unpaired group of non-smoking 
control adults (monks and nuns; Navasumrit et al., 2005). The median personal air monitoring 
level for children in the provincial school was about 40% higher than the median personal air 
level for the reference adults, but the children's median blood benzene level was slightly less 
than the adult median, and the average blood level in the provincial school children was nearly 
2-fold lower than the adults. The Bangkok school children had a median personal air monitoring 
level about 2.5-times higher than the reference adults, but their average blood benzene level was 
lower than the adults, while their median blood level was about 1.3-times higher (i.e., 
proportionately not as high as the difference in personal air levels). Levels of tetrachloroethene 
in exhaled breath and blood of almost 60 child/adult pairs residing in the same apartment within 
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a residential building containing a dry cleaning establishment were compared in results presented 
in a conference poster (Storm et al., 2005). Mean and median blood and exhaled-breath levels in 
children were the same as or less than the comparable mean and median levels in adults. 

Metabolites 

Metabolic enzyme systems vary in their activity levejs at different ages, with most (but 
not all, e.g., sulfate conjugation) activity less in newboms compared to older children and adults. 
Genetic variability in metabolic enzyme systems, patterns of developmental variability in 
metabolic activity, the resulting changes in metabolite dosimetry with age and the potential 
implications for child-specific risk assessment are areas of active research (e.g., see reviews in 
Alcom and McNamara, 2002a,b; Bolt et al., 2003; Clewell et al., 2002; Dome, 2004; Dome and 
Renwick, 2005; Dome et al., 2005; Dourson et al., 2002; Ginsberg et al., 2004a, 2005; 
Scheuplein et al., 2002; de Zwart et al., 2004). 

Analysis of a large database of age-specific data on drug pharmacokinetics indicates that 
parent compound clearance rates tends to be slower in neonates and young infants compared to 
older children and adults (Ginsberg et al., 2002). Average half lives were longest in premature 
neonates with mean half-lives about four times higher than those in adults. Average half-lives in 
fulj-term neonates and infants up to 2 months old were about 2-fold higher than average half-
lives in adults. From age 2 months and older, average half-lives across the entire database were 
equal to or somewhat shorter than average adult half-lives. Average clearance rates were fastest 
(i.e., half-lives were shortest) for the 2-6 month old age group, but were equal to adults by age 
1 year. Very similar trends were seen when the drugs were sub-divided by their primary 
metabolic clearance pathways. Drugs metabolized primarily by CYPs had half-lives that 
averaged 2- to 4-fold slower in neonates and infants up to 2 months old compared to adults, but 
average half-lives in children older than 2 months ranged from 20% slower to 50% faster than 
adults. From age 2 months upward, drugs with non-CYP metabolism as their major elimination 
pathway had average half-lives essentially equal to adults (Hattis et al., 2003). In a recent study, 
Bjorkman (2005) used age-specific physiological parameters and metabolism data for two CYP 
model drug substrates in PBPK models and found similar trends in predicted pharmacokinetics, 
with low parent-compound clearance during the first few months of life, rising to adult levels at 
approximately 6 months (theophylline; CYP1A2, CYP2E1) to 2 years (midazolam; CYP3A4). 

Although pharmaceutical data do not directly address age-specific clearance of 
environmental contaminants such as TCE, they reflect clearance mechanisms that are common to 
drugs and other xenobiotic chemicals. These data suggest that newborns are likely to experience 
a higher cumulative parent-compound internal dose from a given applied dose than adults, but 
that this difference diminishes within the first few months of life and is generally eliminated (or 
even somewhat reversed) by about age 6 months to 1 year. This trend holds for chemicals 
eliminated largely by CYP-mediated metabolism (as is the case for TCE), suggesting the 
converse age-related pattern for production of oxidative metabolites. That is, at similar 
circulating parent-compound levels, metabolite production would be expected to be reduced in 
newboms, compared to adults, but become similar to (and then temporarily somewhat higher 
than) adult levels within the first 6-12 months of life. AUhough data on the developmental 
pattern of CYP2E1 (the predominant CYP involved in TCE oxidative metabolism) are relatively 
limited compared to other CYP isoforms, it appears to follow the general pattern with low gene 
expression and enzyme activity in the liver at birth that increases quickly after birth to about 
30-40% of adult activity during the first year of life. From ages 1-10 years, liver CYP2E1 
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activity levels are at or near adult levels (Blanco et al., 2000; Hines and McCarver, 2002; Vieira 
etal., 1996). 

In the case of inhalation exposure to non-reactive, VOCs (i.e.. Category 3 gases), age-
specific intemal dosimetry of parent compound and metabolites will ultimately depend on an 
interplay between blood:air partitioning, development of metabolic activity, relative blood flow 
to metabolizing tissues and the degree of metabolism involved in chemical-specific clearance 
mechanisms. Ginsberg et al. (2005) developed age-specific pharmacokinetic modeling to predict 
how these factors would affect the application ofthe standard Category 3 gas RfC dosimetry 
guidance (US EPA, 1994) to young children. Their results suggest that parent-compound blood 
levels in a three month old child would be equal or up to about 20% higher than adults for 
chemicals (such as TCE) with high intrinsic liver clearance and blood:air partitioning in the 
range of TCE. The concentration of metabolites in the liver under these conditions could be up 
to about 1.8-fold higher in three month old children versus adult levels, even when liver CYP 
activity in the child is assumed to be 10% ofthe adult level. 

Ginsberg et al. (2005) suggest the increased liver-metabolite concentration in young 
children can occur because metabolism of chemicals with high intrinsic liver clearance would be 
flow-limited and blood flow to the liver in their models was assumed to be highest (per unit liver 
weight) in young children, based on previous work by Sarangapani et al. (2003). Lipscomb et al. 
(2003) reported a similar effect of perfusion-limited liver metabolite production for modeled 
adult liver TCE metabolite data when variability in adult CYP2E1 activity (based on human liver 
samples) was introduced into the model. TCE liver metabolite production varied by 
approximately 2% between the lower 5* and upper 95* percentile CYP2E1 activities that 
differed by a factor of about 6-fold, indicating that the variability in CYP enzymatic activity was 
relatively unimportant in terms of its effect on liver metabolite concentration compared to liver 
perfijsion. 

Model parameters used by Ginsberg et al. (2005) for child organ perfusion were based on 
simple proportionality to age-specific organ weight:body weight ratios (Sarangapani et al., 
2003), and result in hepatic blood flow per unit liver weight of about 1.8-fold higher in a three 
month old, compared to a 25-year-old adult. This difference largely accounts for their predicted 
child:adult metabolite ratio. Empirical data on organ blood flows in young children appears to 
be very sparse, but Alcorn and McNamara (2002b) cite references from the clinical physiology 
literature suggesting liver blood flow on a per unit weight basis approaches adult levels shortly 
after birth. This would lessen the difference in predicted liver metabolite concentrations between 
adults and infants. By age 1 year, assuming liver metabolic activity in the child equal to adult 
activity, any differences in liver metabolite concentration are predicted by Ginsberg et al. (2005) 
to be largely due to relative liver perfusion per unit liver weight for Category 3 gases, regardless 
ofthe degree of intrinsic liver clearance or blood:air partitioning. 

Pharmacokinetic Extrapolation from Adults to Children 

Overall, the available empirical and theoretical information addressing the relative 
parent-compound and metabolite dosimetry for Category 3 gases in adults and children suggests 
that steady-state levels are not expected to differ substantially in children compared to adults 
under the same chronic exposure scenario. The studies on which this conclusion are based are 
all somewhat limited since obtaining direct evaluation of TCE or other environmental VOC 
pharmacokinetics in children is generally precluded ethically. However, the theoretical 
modeling of parent-compound and metabolite kinetics for Category 3 gases with high intrinsic 
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liver clearance, the indirect empirical evidence from biomonitoring studies and the relatively 
large and well-documented drug metabolism database in children are all consistent in suggesting 
that pharmacokinetic differences between adults and children breathing vapors such as TCE are 
likely to be small (< 2-fold) and that those differences tend to diminish quickly, usually within 
the first year of life. Therefore, as a default approach to estimate a childhood adjustment of 
exposures associated with toxic effects observed in adult humans, the childhood exposure level 
was taken to be equal to the adult exposure level in mcg/m .̂ 

Childhood-Specific Criteria 

Once child equivalent concentrations are estimated using default-based or PBPK-based 
approaches, the next step in the derivation of childhood-specific criteria is the selection of type 
and magnitude of uncertainty factors necessary to compensate for uncertainty and variation. 
This selection process is guided by the same principles used to derive adult criteria, but it should 
be based on an evaluation of uncertainties and variation in comparison to children and childhood 
exposures rather than to adults and lifelong exposures. Thus, the magnitude ofthe total 
uncertainty factor applied to the same human equivalent concentration to derive a childhood-
specific criterion may be different than that used to derive an adult criterion. 

One particularly critical area of uncertainty factor is the potential differences in the 
pharmacokinetics and pharmacodynamics of children and adults. An uncertainty factor of 10 is 
generally used to account for variation in sensitivity within the human population. In general, 
US EPA workgroups have indicated that a default uncertainty factor of 10 for human variafion, 
including the variation among adults and children, is adequate in most cases, particularly if 
developmental toxicity data are available (US EPA, 1999a) or a database uncertainty factor is 
used to compensate for missing toxicity data, including data on developmental toxicity 
(US EPA, 2002a). 

However, the TCE-toxicity data for three target organs/systems (CNS, liver, and kidney) 
will be evaluated to determine if such data support or suggest that immature organisms, are more 
sensitive than adults to the endpoint-specific toxicity of TCE. As discussed above, a default 
pharmacokinetic factor of 1 will be applied when deriving a child-specific criterion from animal 
or aduh human data, unless specific data for the target organ system indicates a higher 
uncertainty factor is warranted. When data support or suggest a pharmacodynamic difference 
between adults and children, an uncertainty factor for lifestage sensitivity (in addition to the 
uncertainty factor for human variation]! will be used. The magnitude ofthe lifestage uncertainty 
factor will depend on the strength ofthe data. In the absence of data indicating 
pharmacodynamic differences between adults and children, an uncertainty factor for lifestage 
sensitivity will not be used (US EPA, 2002a). 

3.1 Central Nervous System 

3.1.1 Human Studies 

The CNS is clearly an important endpoint for TCE toxicity by inhalation. TCE was once 
used as an anesthetic in surgery and short-term or longer-term exposures to elevated levels has 
produced CNS symptoms, including headaches, drowsiness, confusion, dizziness, nausea, loss of 
facial sensation, nerve damage, and reduced scores on various tests of neurological function in 
humans (ATSDR, 1997). 
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In chamber studies with human volunteers, two of nine subjects exposed to TCE at 
110 ppm (591 mg/m'') for two 4-hour periods separated by a 1.5-hour lunch break had a slight 
impairment in the Flanagan Coordination Test (ability to do pencil tracings). No impairment 
was observed at 50 ppm (269 mg/m'') in this or in five other neurobehavioral tests (Stewart et al., 
1974). The same investigators reported earlier that human volunteers exposed to TCE at 200 
ppm (1075 mg/m^) 7 hrs/day for 5 days had CNS symptoms such as headaches, fatigue and 
drowsiness (Stewart et al., 1970). 

Several studies of longer-term occupational exposure to TCE also report adverse effects 
on the CNS. Self-reported symptoms of 19 workers employed for an average of 8 years 
degreasing air conditioning parts with TCE included drowsiness, heart palpitations, weakness, 
and dizziness. Time-weighted 8-hour exposures to TCE, extrapolated from 1-day personal 
breathing zone and area samples, ranged from 32-78 ppm (172-419 mg/m^) (Vandervort and 
Polakoff, 1973). Twenty-one of 24 workers exposed to TCE, /7-propyl acetate and toluene in the 
processing of printed wiring boards reported (by interview) symptoms such as nausea (71%), 
headache (54%), dizziness (33%) and fatigue or drowsiness (25%), which the workers attributed 
to exposure to solvents (Okawa and Bodner, 1973). Forty-three personal breathing zone samples 
were taken on three separate occasions from several locations, and these indicated that the 
workers were exposed primarily to TCE, which ranged from 6-106 ppm (32-570 mg/m''), with 
the highest average level (70.5 ppm (379 mg/m )̂) found while mass solder operators cleaned 
their machines. Exposure to TCE was also verified by measurement ofthe urinary metabolite 
TCA. Both the Vandervort and Polakoff (1973) and the Okawa and Bodner (1973) studies are 
limited for use in evaluating TCE exposure-response relationships due to the potential 
subjectivity in reporting the symptoms, as well as the lack of information on long-term TCE 
exposure. The workers in the Okawa and Bodner (1973) study were also exposed to chemicals 
other than TCE. 

Rasmussen et al. (1993) examined clinical neurological effects in 99 Danish metal 
degreasers after long-term exposure to TCE (Table 3-1). For 70 ofthe workers, the dominant 
exposure was to TCE for 35 hrs/wk, with a mean exposure duration of 7.1 years, while for 25 of 
the workers, the dominant exposure was to l,l,2-trichloro-l,2,2-trifluoroethane (CFC 113) for 
15.1 hrs/wk, with a mean exposure duration of 4.2 years. Evidence of exposure to TCE was 
provided by measurement ofthe urinary metabolite TCA. Thirty-three of 99 participants had at 
least one abnormal motor coordination test (six were given), and a significant trend (p = 0.003) 
for increased dis-coordination (defined as the mean number of abnormal coordination tests) was 
noted when comparing the pre-defined low (mean of 0.52 years) to high (mean of 11 years) 
solvent exposure groups. The solvent-exposed workers had an increase in clinically evaluated 
cranial nerve dysfunction (p = 0.03), which also showed evidence of a significant trend with 
increasing exposure duration. Limitations ofthe Rasmussen et al. (1993) study include some 
uncertainty about the actual long-term exposure levels ofthe workers to TCE during their 
employment, and that 25 ofthe 99 subjects were exposed primarily to CFC 113. 

3.L2 Animal Studies 

Numerous studies have investigated the CNS effects of inhaled TCE in animals (ATSDR, 
1997). Most of these studies are limited for use in evaluating exposure-response relationships 
because they used an insufficient number of exposure levels, employed irregular exposure 
protocols, or were too short in duration to adequately evaluate chronic effects. 
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Selected animal studies that have evaluated TCE neurotoxicity are summarized in Table 
3-1. Three studies evaluated biochemical changes in the brain of gerbils. Changes in some of 
the biochemical parameters measured in these studies (soluble proteins, S 100 protein) are 
thought to be indicators of neuronal cell damage. Some amino acids or their derivatives, are 
known to have excitatory or inhibitory effects on the CNS. For example, gamma-aminobutyric 
acid (GABA) is a known inhibitor of presynaptic nerve transmission. The actual role these 
biochemical parameters play in TCE-induced neurotoxicity is not understood. 

Haglid et al. (1981) showed that Mongolian gerbils (n = 12) exposed to TCE at 60 ppm 
or 320 ppm (322 or 1720 mg/rii'') continuously for three months followed by 4 months free of 
exposure had an increase in soluble proteins in the visual cerebral cortex (p < 0.01) and 
decreases (p < 0.001) in soluble proteins in the hippocampus, posterior cerebellar vermis, and 
brain stem. S 100 Protein was increased (p < 0.001) in the hippocampus, posterior cerebellar 
vermis, and the brain stem after exposure to 60 ppm or 320 ppm. Deoxyribonucleic acid (DNA) 
was elevated in the posterior cerebellar vermis (p < 0.01) and sensory motor cortex (p < 0.05) at 
320 ppm. The experimental LOEL for changes in brain proteins was 60 ppm (322 mg/m^). In 
contrast to this study, exposure of Mongolian gerbils (number not specified) for 5 months 
continuously to 170 ppm (914 mg/m )̂ or intermittently (8 hrs/day) to 500 ppm (2687 mg/m )̂ 
with no extended period free of exposure for either group resulted in a decrease rather than an 
increase in S 100 protein in the posterior cerebellar vermis (p < 0.05 for continuous exposure; p 
< 0.001 for intermittent exposure) (Kyrklund et al., 1984). Mongolian gerbils (n = 6) 
continuously exposed to 50 ppm or 150 ppm (269 or 806 mg/m'') TCE for 12 months had a dose-
dependent increase in the uptake of glutamate and GABA in the posterior cerebellar vermis 
(p < 0.05; p < 0.01 for glutamate uptake at 150 ppm) (Briving et al., 1986). GSH levels in the 
hippocampus of animals exposed to 150 ppm were also increased (p < 0.01). Body and whole 
brain weights did not differ significantly between control and TCE-exposed groups. The 
experimental LOEL for increases in glutamate and GABA uptake in this study was 50 ppm (269 
mg/m^), which is the lowest effect level for brain biochemical changes in studies of gerbils. 

Kulig (1987) studied the effect of TCE on the performance of learned behavior in male 
CPB:WU Wistar rats (n = 8) exposed to 0, 500, 1000 or 1500 ppm (0, 2687, 5374 or 8061 
mg/m )̂ for 16 hrs/day, 5 days/wk for 18 weeks. The animals were evaluated at 3-week intervals 
throughout the exposure period and for a 6-week post-exposure period. The parameters 
examined included changes in spontaneous activity, grip strength, coordinated hindlimb 
movement, performance in a two-choice visual discrimination task and peripheral nerve 
conduction velocity. At 1500 ppm (8061 mg/m''), TCE caused changes in the speed and 
patterning of responses in the two-choice visual discrimination task, and produced a 4-fold 
increase (p < 0.001) in two-choice response latency. There were no statistically significant 
changes in the other evaluated parameters, and during the recovery period, the parameters 
indicating deficits in the performance of leamed behavior returned to levels similar to the 
controls. The information in the study was insufficient to determine if the middle exposure 
concentration (1000 ppm) was an effect level or NOEL for changes in learned behavior. No 
changes in the evaluated parameters were observed at 500 ppm (2687 mg/m ). 

Rebert et al. (1991) evaluated the electrophysiological consequences of TCE exposure in 
male Long-Evans rats (10/group) exposed to 0, 1600 and 3200 ppm (0, 8598 and 17,196 mg/m )̂ 
for 12 hrs/day for 12 weeks. The animals were surgically fitted with epidural electrodes to 
measure changes in sensory-evoked potentials resulting from TCE exposure. The mean 
brainstem auditory-evoked response amplitudes were decreased (p < 0.05) in animals exposed to 
3200 ppm, beginning with the second week of exposure and continuing through the remainder of 
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the exposure period. The authors concluded that the effects on this parameter suggest that TCE 
can cause a predominantly high-frequency hearing loss. The experimental NOEL for decreases 
in brainstem auditory response amplitudes was 1600 ppm (8599 mg/m''), and the experimental 
LOEL was 3200 ppm (17,196 mg/m^). 

Crofton and Zhao (1997) studied mid-frequency range hearing damage in adult male 
Long-Evans rats (8-12/group) exposed to TCE at several concentration ranges in air for 6 
hrs/day, 5 days/wk for 1 day (4000, 6000 and 8000 ppm (21,497, 32,245 and 42,994 mg/m^)), 
1 week (1600, 2400 and 3200 ppm (8599, 12,898 and 17,189 mg/m^)), 4 weeks (800, 1600, 2400 
and 3200 ppm (4299, 8599, 12,898 and 17,198 mg/m^)) and 13 weeks (800, 1600, 2400 and 
3200 ppm (4299, 8599, 12,898 and 17,198 mg/m^)). Anirnals exposed only to air served as 
controls. The experiments evaluated the plausibility of using high concentration, short-term TCE 
exposures to predict neurotoxicity from longer exposures. Damage to hearing was assessed by 
determining auditory thresholds for a 16 kHz tone 3-5 weeks after exposure. The authors 
demonstrated, based on comparisons ofthe concentrations of TCE estimated to increase the 
16 kHz thresholds by 15 decibels that the longer-term ototoxicity of TCE was less than that 
predicted by a strict concentration x time relationship based on the results ofthe short-term 
study. The adjusted LOEL (p < 0.05) for ototoxicity in the 13-week exposure was 2303 mg/m .̂ 

Arito et al. (1994) investigated the CNS and cardiac effects of TCE in male JCL-Wistar 
rats (5/group) exposed 8 hrs/day, 5 days/wk for 6 weeks to 0, 50, 100 or 300 ppm (0, 269, 537 or 
1612 mg/m ). The rats were surgically implanted with parietal electroencephalographic, neck 
electromyographic and electrocardiographic electrodes, and a reference cerebellar electrode, and 
continuous polygraph recordings were made on each animal during a 32-hour period ofthe 
second, fourth or sixth week of exposure. No changes in gross appearance or behavior were 
noted in exposed rats. Exposure to all levels of TCE resulted in a statistically significant, dose-
related decrease in the amount of time spent in wakefulness (p < 0.01) during the 8-hour 
exposure period. Rats exposed to 50 ppm or higher also had statistically significant decreases in 
time averaged heart rates during stages of wakefiilness (p < 0.05), slow wave sleep (p < 0.01) 
and paradoxical sleep (p < 0.01) during the 22-hour post exposure period. The authors noted that 
the results are consistent with subjective symptoms of sleepiness and increased fatigue in 
humans, and postulated that the effects could be a consequence of TCE-induced disruption of 
wakefulness and its circadian rhythm. The LOEL in this study for decreased wakefulness during 
the exposure period and lower heart rates during the post exposure period is 50 ppm 
(269 mg/m^). 

3.1.3 Potential TCE Air Criteria Based on Central Nervous System Effects 

Critical Studies. Several occupational studies reporting human CNS toxicity from TCE 
inhalation exposures are available. The strongest of these studies is the investigation by 
Rasmussen et al. (1993) of neurological effects among Danish metal degreasers. Rasmussen et 
al. (1993) studied CNS toxicity in 99 workers who were exposed to TCE on a long-term basis 
(average exposure of 7.1 years). Effects on the CNS (i.e., the mean number of abnormal 
coordination tests) showed a significant exposure-related trend when comparing the pre-defined 
low to high solvent exposure groups. The study contains concurrent and historical biomonitoring 
data (i.e., urinary TCA levels) from which estimates of TCE exposure levels in air can be made. 

A limitation ofthe Rasmussen et al. (1993) study is that about 25% ofthe workers were 
primarily exposed to CFC 113 (l,l,2-trichloro-l,2,2-trifluoroethane). However, a separate, 
earlier report by the same investigators on the same cohort indicated that only 3 ofthe 99 
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workers showed slight signs of psychoorganic syndrome (i.e., reduced performance on tests 
evaluating motor coordination, psychomotor speed and memory) that the authors attributed 
solely to CFC 113 (Rasmussen et al., 1988). In limited short-term tests, CFC 113 has also been 
shown to be less potent than TCE in causing effects on psychomotor performance in humans, 
with the reported effect levels being about 12-fold higher (2500 ppm versus 200 ppm) (Stopps 
and McLaughlin et al., 1967). The greater potency of TCE compared to CFC 113, and the 
finding that only a small percentage ofthe Rasmussen et al. (1993) cohort was identified as 
having neurological deficits attributable to CFC 113, suggest that the observed deficits in motor 
coordination observed by Rasmussen et al. (1993) are primarily due to TCE exposure. The 
Rasmussen et al. (1993) study is used to derive of a potential criterion based on CNS toxicity. 

Among the animal studies that document CNS effects from inhaled TCE, the lowest 
experimental LOEL is 50 ppm (269 mg/m^). At this level of exposure, TCE caused decreased 
wakefulness in rats exposed 8 hrs/day, 5 days/wk for 6 weeks (Arito et al., 1994), and increased 
brain glutamate and GABA uptake in gerbils exposed continuously for 12 months (Briving et al., 
1986). A NOEL was not identified in either study. Both studies are used to derive potential 
criteria based on CNS effects. 

MOA and Internal Dose Metric. CNS effects resulting from TCE exposure are most 
likely associated with levels of TCE and TCOH in the brain. TCE is likely to be present in brain 
during inhalation exposure, since inhaled TCE directly enters the general circulation without the 
first pass liver metabolism effect that would apply to gut absorption. In fact, alterations in visual 
evoked potentials (VEP) of rats exposed acutely to TCE by inhalation were well correlated with 
brain TCE levels estimated with a PBPK-model (Boyes et al., 2003). Measured brain TCE levels 
associated with inhalation exposures, in tum, were directly related to measured blood TCE levels 
(Boyes et al., 2003), indicating that blood TCE levels are directly proportional to brain levels. 
Since TCE is rapidly converted to TCOH, blood TCOH are also likely to be directly proportional 
to brain TCOH levels. 

Studies in humans suggest that TCOH is responsible for the neurological effects of CH 
(Breimer, 1977). Since TCE is rapidly converted to TCOH through CH, these studies also 
provide support for the conclusion that inhaled TCE will exert nervous system toxicity not only 
as the parent compound but also through its metabolic conversion to TCOH. 

There is evidence to suggest that peak TCOH and/or peak TCE levels are more pertinent 
dose metrics for TCE-induced CNS toxicity in animal studies than AUC estimates. Barton and 
Clewell (2000) reported that PBPK-estimated peak TCOH concentration in blood linearized the 
exposure-response data from Arito et al. (1994) better than peak TCE levels in blood or AUC 
TCOH or AUC TCE estimates for blood. They therefore argued that peak TCOH blood 
concentration was the appropriate dose metric for evaluating the exposure-response relationship 
in this study. Boyes et al. (2003) reported that peak brain TCE level at the time of VEP testing 
(termed the momentary blood level) was better correlated with effects on VEP than brain TCE 
AUC. Considered together the analyses of Barton and Clewell (2000) and Boyes et al. (2003) 
suggest that peak levels of TCOH and/or TCE in brain (which are both directly related to blood 
levels) determine CNS effects associated with TCE. Moreover, NYS DOH plots of peak blood 
TCE or peak blood TCOH associated with administered TCE air concentrations vs. response 
described by Arito et al. (1994) suggested that both intemal dose metrics were directly related to 
CNS response. Therefore, peak TCOH and TCE blood levels (both in units of mg/L) are the 
recommended dose metrics for CNS endpoints in this animal study. 
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The only available measure of exposure for the critical human study (Rasmussen et al., 
1993) is an estimate of urinary TCA levels (in mg/L). TCA levels in urine of workers are an 
integrated measure of exposure to TCE over the previous week or more (ACGIH, 2001). Since 
the urinary TCA levels are a pertinent dose metric for the observed effects in the Rasmussen et 
al. (1993) study after longer-term exposure, they were used to estimate (by PBPK modeling) a 
continuous TCE air level at the LOEL for CNS effects. 

Derivation of Potential Air Criteria. Potential air criteria based on CNS effects in 
humans (Rasmussen et al., 1993) and animals (Arito et al., 1994; Briving et al., 1986) are derived 
in Tables 3-2 through 3-4. 

a) Criterion Based on Human Data 

Rasmussen et al. (1993) did not report estimates of TCE air concentrations associated 
with motor coordination deficits in workers in the pre-defined high-solvent exposure group. 
However, they reported that the mean and maximum urinary TCA levels of those exposed 
workers were 7.7 mg/L and 26.1 mg/L, respectively. These data are useful in the derivation of a 
potential criterion because they can be used with pharmacokinetic modeling to identify a point-
of-departure (expressed as TCE air concentration) for CNS effects in humans. 

In addition to the data collected from members ofthe study group, Rasmussen et al. 
(1993) also reported historical urinary TCA levels from the Danish Labor Inspection Service for 
the years 1947-1987 (Christensen and Rasmussen, 1990; Rasmussen et al., 1993). These data 
are based on much larger sample sizes, and could be used to estimate air levels representative of 
typical occupational exposure to TCE in Denmark, where the Rasmussen et al. (1993) cohort was 
employed. The US EPA (2001a) used these data, which siiggest a range for urinary TCA levels 
of 40 mg/L to 60 mg/L, to estimate an air concentration corresponding to the LOEL in the 
Rasmussen et al. (1993) study. The midpoint ofthe range (50 mg/L) was converted to a TCE air 
concentration of 20 ppm based on the relationship reported by Axelson et al. (1994), and the air 
concentration was time-weighted for occupational exposure to obtain adjusted LOEL of 7 ppm 
(38 mg/m )̂ (US EPA, 2001a). 

The urinary TCA data from the Danish Labor Inspection Service include submissions 
representing several different TCE uses in addition to metal degreasing, such as use in the 
painting, dry cleaning, printing and electronics industries (Raaschou-Nielsen et al., 2002). The 
exposures represented by these data are not likely to best represent the exposures ofthe metal 
degreasers in the Rasmussen et al. (1993) cohort, since the uses ofthe chemical are markedly 
different. Therefore, only the concurrent urinary TCA data reported by Rasmussen et al. (1993), 
which is temporally and functionally specific to the cohort showing motor coordination deficits 
is used in the derivation. Based on pharmacokinetic modeling, the average urinary TCA level of 
7.7 mg/L from the Rasmussen et al. (1993) study corresponds to a TCE air concentration of 
2 ppm (11 mg/m^). 

An intraspecies uncertainty factor of 10 is applied to account for variations in sensitivity 
among members ofthe human population. A smaller factor is not used because the occupational 
study by Rasmussen et al. (1993) evaluated only adult workers, and studies that evaluate 
differences in sensitivity to the CNS effects of TCE among humans or subpopulations are not 
available. Although a larger factor may be suggested by in v//ro pharmacokinetic data on 
interhuman variation in CYP2E1 activity (Pastino, 2000), the importance role of these 
differences in human variation in sensitivity is not fully understood (Barton et al., 1996; Pastino, 
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2000). Moreover, the potential role of other intrinsic human factors (genetic, disease states, 
gender) on the pharmacokinetics and toxicity of TCE has not been adequately described by TCE-
specific data (Pastino, 2000). Thus, data are insufficient to deviate from a default 10-fold 
uncertainty for intraspecies (human) variation. 

An uncertainty factor of 10 is applied to account for use of data from a study with less-
than-lifetime exposure in the derivation of a criterion for chronic exposure. It is used because of 
evidence from human and animal studies that increased exposure durations to TCE could lead to 
more severe CNS effects or CNS effects at lower levels. In the critical study (Rasmussen et al., 
1993), the workers who were exposed to TCE for an average of 11 years had greater evidence of 
clinically ascertained cranial nerve dysfunction and a higher mean number of abnormal 
coordination tests than workers who had been exposed for an average of 2.2 or 0.52 years. 
Crofton and Zhao (1997) also demonstrated that TCE caused mid-frequency range hearing 
damage in rats exposed by inhalation at a lower concentration following 65 days of exposure 
(LOEL = 2400 ppm) than at 20, 5 and 1 day(s) of exposure (LOEL = 3200 ppm, 3200 ppm and 
6000 ppm, respectively). A default uncertainty factor of 10 (rather than 3) is used because the 
mean exposure duration of 11 years for the high exposure group ofthe Rasmussen et al. (1993) 
cohort constitutes only about 16% of a 70-year lifetime. 

The Rasmussen et al. (1993) study does not identify a NOEL for the motor coordination 
deficits or cranial nerve dysfunction among degreasers. A default uncertainty factor of 10 is 
used to account for using a LOEL rather than a NOEL as the point-of-departure because ofthe 
limited dose-response information in the Rasmussen et al. (1993) study and the potential severity 
ofthe effects observed in the workers. 

Application ofthe total uncertainty factor of 1000 (Table 3-2) yields a potential TCE 
criterion based on human CNS toxicity data of 11 mcg/m^. The use ofthe default uncertainty 
factor of 10 to account for use of data in a study with less-than-lifetime exposure may 
overestimate the risk in light ofthe average exposure duration ofthe pre-defined high exposure 
group in the Rasmussen et al. (1993) study (11 years). If an uncertainty factor of 3 (rather than 
10) is used to account for using data from a study with less-than-lifetime exposure (total 
uncertainty factor of 300), the criterion based on CNS effects would be 37 mcg/m^. 

b) Criteria Based on Animal Data 

Arito etal. (1994). The information provided in the Arito et al. (1994) study was 
primarily in graphical form and does not include clear tabular data for group means and standard 
deviations for the critical endpoint (minutes spent in wakefulness). Therefore, a point-of-
departure for continuous data was not modeled using US EPA's BMD software. The 
experimental LOEL from the Arito et al. (1994) study (269 mg/m^) is used as one point-of-
departure. The experimental LOEL is not time-weighted because the nervous system effects 
caused by TCE are believed to be related to peak blood levels of TCE or its metabolites (e.g., 
TCOH). Points-of-departure obtained through pharmacokinetic modeling include the 
corresponding peak blood (1.2 mg/L) and plasma (0.87 mg/L) levels of TCE and TCOH, 
respectively (Table 3-3). 

An interspecies uncertainty factor of 3 is applied to account for differences in the 
pharmacodynamic response of humans and animals to TCE. The pharmacokinetic component of 
cross-species extrapolation is accounted for by applying a dosimetric adjustment factor of 1 to 
the TCE air concentration at the experimental LOEL point-of-departure, which is consistent with 
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u s EPA guidance for Category 3 gases (US EPA, 1994) (see discussion under Low-Dose and 
Cross-Species Extrapolation Procedures), or by using pharmacokinetic modeling. 

As with the human CNS study (Rasmussen et al., 1993), an intraspecies uncertainty 
factor of 10 is applied to account for variation in sensitivity among members ofthe human 
population. An uncertainty factor of 10 is applied to account for the use of data from a 6-week 
study in the derivation of criteria for chronic exposures. It is used because of evidence from 
human and animal studies that increased exposure durations to TCE could lead to more severe 
CNS effects or CNS effects at lower exposure levels. Moreover, exposure for 8 hrs/day, 
5 days/wk for 6 weeks constitutes only about 1.4% ofthe lifetime ofthe animals. It also is less 
than 90 days, which is typically considered the shortest length study that should be used in the 
derivation of chronic criteria (US EPA, 2002a). 

The Arito et al. (1994) study does not identify a NOEL for decreased wakefulness in rats. 
A default uncertainty factor of 10 is used to account for using a LOEL rather than a NOEL as the 
point-of-departure. The default uncertainty factor is used because the dose-response curve for 
decreased wakefulness in the Arito et al. (1994) study is not steep, and consequently use of a 
smaller uncertainty factor (e.g., 3) may not provide an estimate of exposure that is below the 
threshold for effects. 

Application ofthe total uncertainty factor of 3000 (Table 3-3) yields potential TCE 
criteria based on the CNS effects in the Arito et al. (1994) study ranging from 13 mcg/m'' to 
170 mcg/m''. 

Briving et al. (1986). This study demonstrated increased brain uptake of glutamate and 
GABA in Mongolian gerbils exposed continuously to TCE for 12 months. The biological 
significance of these and other brain chemistry changes in the absence of symptoms of CNS 
toxicity is not completely understood. This reduces confidence in criteria derived from these 
endpoints. A pharmacokinetic model for TCE air concentrations in gerbils is not available. 
Therefore, a potential TCE air criterion based on the Briving et al. (1986) study is derived based 
on the air concentration at the experimental LOEL (Table 3-4). The experimental LOEL (269 
mg/m^) is used as the point-of-departure without time-weighting, because the exposure in the 
study was continuous for 12 months. 

An interspecies uncertainty factor of 3 is applied to account for differences in the 
pharmacodynamic response of humans and animals to TCE. The pharmacokinetic component of 
cross-species extrapolation is accounted for by applying a dosimetric adjustment factor of 1, 
which is consistent with US EPA guidance for Category 3 gases (US EPA, 1994) (see discussion 
under Low-Dose and Cross-Species Extrapolation Procedures). As with the human CNS study 
(Rasmussen et al., 1993), an intraspecies uncertainty factor of 10 is used to account for variation 
in sensitivity among members ofthe human population. 

An uncertainty factor of 3 is applied to account for use of data obtained in a study with 
less than chronic exposure. The 12-month, continuous exposure duration used in the study 
constitutes a significant portion ofthe lifetime for the test species (about three years for gerbils), 
which supports departure from the default subchronic to chronic uncertainty factor. The 
uncertainty factor of 3 is used to account for TCE-related CNS effects that could occur at lower 
exposure levels on longer-term exposure. 
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The Briving et al. (1986) study did not identify a NOEL for effects on glutamate and 
GABA uptake in the brain of gerbils. A default uncertainty factor of 10 is used to account for 
using a LOEL rather than a NOEL as the point-of-departure. The default uncertainty factor is 
used because ofthe gradual slope ofthe dose-response curve for glutamate and GABA uptake in 
the brain suggests the default factor is needed to estimate an exposure that is below the threshold. 

Application ofthe total uncertainty factor of 1000 (Table 3-4) yields a potential TCE 
criterion based on glutamate and GABA uptake in the Briving et al. (1986) study of 270 mcg/m''. 
This value is above the range of values based on CNS toxicity derived from the Arito et al. 
(1994) study (13 mcg/m^ to 170 mcg/m^). 

3.1.4 Potential Childhood-Specific TCE Air Criteria Based on Central 
Nervous System Effects 

Certain human lifestages (e.g., children) might be particularly sensitive to the effects of 
environmental contaminants and might be more sensitive than adults to the same biologically-
effective-dose of a contaminant (NRC, 1993). Lifestages have distinct anatomical, 
physiological, and behavioral or functional characteristics that contribute to potential differences 
in vulnerability to environmental exposures (US EPA, 2006b). Basic lifestages include prenatal, 
infancy, toddler, child, adolescence, reproductive-age adult, and aged adult. Exposure of 
parental adults just before pregnancy (preconception) is also considered a sensitive period. 
Childhood lasts from birth until the child reaches sexual maturity. 

In this section, childhood-specific criteria based on the non-carcinogenic CNS effects of 
TCE are derived. Criteria based on the potential non-carcinogenic health effects of 
preconception, prenatal, and postnatal exposures to TCE are assessed in Section 3.4 
(Reproductive Effects) and 3.5 (Developmental Effects). Criteria based on the potential 
carcinogenic effects of childhood exposures are assessed, when possible, in Section 5.3. 

Both general and TCE-specific information suggest that the CNS ofthe fetus, infants and 
children may be reasonably anticipated to be more sensitive than adults to the effects of nervous 
system toxicants such as TCE. 

(1) TCE is a CNS toxicant, and the CNS of infants and children is not fully developed. It 
is generally accepted that developing organisms, including humans, are more susceptible to CNS 
toxicants than mature organisms. Example of this greater sensitivity include fetal alcohol 
(ethanol) syndrome in children exposed in utero and mercury intoxication (US EPA, 2002b). 
Thus, exposure to TCE during childhood may increase the risk for developmental delays or 
functional disturbances, in particular neurobehavioral problems given the relatively late 
maturation ofthe brain (Hood, 2006). 

(2) Human data on the developmental neurotoxicity of effects of TCE are sparse. White 
et al. (1997) conducted detailed clinical examinations of three groups of residents who were 
exposed to TCE in well water. They found a high rate of cognitive deficits among the three 
populations. They also claimed that subjects who were younger at the time of TCE exposure 
showed deficits in a larger variety of cognitive realms than did subjects who had already reached 
adulthood by the time of exposure. However, they did not provide data to support their 
interpretation, which makes it difficult to determine the significance of their results (NAS, 2006). 
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(3) Although inhalation studies on the CNS effects of TCE on young animals are not 
available, several oral studies show effects in young animals at relatively low levels of TCE 
exposure. These studies show persistent TCE-related effects on brain development in young 
mice dosed with 50 or 290 mg/kg/day TCE via peanut oil gavage at 10 to 16 days old 
(Fredriksson et al., 1993), and morphological and functional neurological effects in the offspring 
of female rats exposed to 312 mg/L TCE in drinking water (37 mg/kg/day as estimated by 
ATSDR, 1997) 14 days before mating, throughout gestation, and until weaning (Taylor et al., 
1985; Noland-Gerbec et al., 1986; Isaacson and Taylor, 1989). Some ofthe statistically 
significant neurobehavioral changes, such as increased exploratory activity, were observed up to 
60 days after cessation of exposure (Taylor et al., 1985). Similar effects in aduh animals have 
been shown to retum to control levels 5-6 days after cessation of long-term exposure (Battig and 
Gratidjean, 1963). This apparent difference between young and adult animals in the persistence 
of certain neurological effects following cessation of TCE exposure provides limited evidence 
that the developing nervous system may be relatively more sensitive to TCE than the nervous 
system of adults. Limited evidence is also provided by a neurotoxicity study of DCA in rats. 
Moser et al. (1999) reported that the results of several studies on adults and weanling rats 
suggested that neuromuscular toxicity effects appeared to be somewhat greater in rats exposed as 
weanlings than in those exposed as adults. 

(4) TCE is metabolized to TCOH, which is a primary alcohol and chemically similar to 
ethanol, which is a known neurotoxicant that can cause fetal alcohol syndrome in children 
exposed in utero. 

Collectively, however, data are insufficient to conclude definitively that the CNS of a 
developing organism is more sensitive to the effects of TCE than is the CNS of an aduh animal. 
This is an important data gap. 

In the previous section, potential adult criteria based on the non-carcinogenic CNS effects 
of TCE were derived from a human occupational study (Rasmussen et al., 1993) and two 
inhalation studies in animals (Arito et al., 1994; Briving et al., 1986). Potential childhood-
specific criteria are derived in this section from all three studies. 

Two issues arise in the derivation ofthe childhood-specific criteria from studies in adult 
humans or animals: (1) the method to extrapolate TCE air exposures across lifestages or species 
and (2) magnitude ofthe uncertainty factor to compensate for human and lifestage variability in 
pharmacokinetic and pharmacodynamic responses to TCE exposures. At present, consensus 
approaches to these problems are limited by data gaps in the lifestage-specific pharmacokinetic 
and pharmacodynamic data for TCE. In addition, the necessity and magnitude of uncertainty 
factor for other data gaps or sources of variation are selected within the context of childhood 
exposures and are applied to child equivalent concentration to derive childhood-specific criteria 
based on CNS effects. 

Childhood-Specific Criterion Derived from Rasmussen et al. (1993) ' 

The point-of-departure derived from Rasmussen et al. (1993) is an estimate ofthe mean 
urinary TCA concentration in workers with CNS effects (Table 3-2). The corresponding TCE 
air concentration (i.e., the human equivalent concentration) was derived by using the human 
adult PBPK model to back-simulate an air concentration, assuming continuous exposure, from 
the point-of-departure. The use of a child-specific PBPK model for TCE to perform a similar 
simulation to estimate, assuming continuous exposure, a child equivalent concentration 
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corresponding the point-of-departure for workers was not done. This preferred method of dose 
extrapolation (see discussion in Section 3.0) was not used due to the lack of validated TCE 
PBPK models for children and the additional uncertainties associated with estimating model 
parameter values for children. 

In the absence of a child-specific PBPK model, the default methodology ofthe US EPA 
(1994) for Category 3 gases was used to extrapolate TCE air concentrations and doses from 
adults to children (see discussion in Section 3.0 for technical support of this decision). This 
default method predicts that the steady-state internal dose ofthe parent compound and 
metabolites in adults and children exposed to the same conditions are similar if metabolic rates 
are similar. Age-specific metabolic data on TCE are unavailable, but the limited age-specific 
information and PBPK modeling results on other chemicals suggest there would be relatively 
little difference between blood levels of TCE and its metabolites in children and adults under the 
same TCE exposure conditions (see discussion in Section 3.0). An uncertainty factor of 1 is 
applied to the human equivalent concentration (11 mg/m )̂ to compensate for adult/child 
(i.e., lifestage) differences in pharmacokinetics. An additional factor of 3 is used to compensate 
for lifestage variability in sensitivity to the same internal dose (pharmacodynamics). This factor 
is used because of evidence that developing CNS of infants and children might be more sensitive 
to the same intemal dose than adults. 

Other uncertainty factors were applied to the childhood equivalent concentration to 
obtain the childhood-specific criteria. An uncertainty factor of 10 is used to account for the use 
of a LOEL rather than a NOEL as the point-of-departure. An uncertainty factor of 10 is used to 
account for human variation. These are the same uncertainty factors used in the derivation ofthe 
adult criteria. However, an uncertainty factor of 3 (rather than 10, which was used in the 
derivation ofthe adult criterion) is used to compensate for exposure duration because the mean 
exposure duration ofthe affected workers (11 years) is a substantial portion of childhood, rather 
than only 16% of a 70-year lifetime. 

The total uncertainty factor applied to the human equivalent concentration of 11 mg/m^ is 
1000. The resultant childhood-specific criterion based on the human occupational study is 
11 mcg/m^ (Table 3-2). This is the same value as the adult criterion based on the study. 

Childhood-Specific Criteria Derived from Arito et al. (1994) 

Three points-of-departure are identified from the Arito study (Table 3-3). They represent 
the LOEL for decreased wakefulness in rats. The experimental air concentration at the LOEL 
(269 mg/m )̂ is used as the default point-of-departure. The PBPK-based points-of-departure are 
peak blood (1.2 mg/L) and plasma (0.87 mg/L) levels of TCE and TCOH, respectively, at the 
LOEL, which were estimated using the PBPK model for rats. The next step in criteria derivation 
is the conversion of each point-of-departure into a human equivalent concentration. 

An older default approach for estimating the human equivalent concentration from 
animal studies involves the use of inhaled dose per unit body weight per day (mg/kg/day). In 
this approach, the experimental air concentration is converted to an animal inhaled dose 
(mg/kg/day) using standard values for body weight and inhalation rate. Then, standard values 
for human body weights and inhalation rates are used to back-calculate the air concentration 
where both animal and human inhaled doses (mg/kg/day) are the same (i.e., the human 
equivalent concentration). However, this approach (as discussed in Section 3.0) is not 
appropriate for the systemic effects of Category 3 gases such as TCE because it does not take 
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into account important physiological and biochemical characteristics of animals and humans 
(US EPA, 1994). A default approach that assumes equal intemal dose at equal air concentration 
(US EPA, 1994) is supported by principles of pharmacokinetics and physiology. The human 
equivalent concentration when calculated using the default Category 3 method is equal to or 
lower (up to 9-times) than the human equivalent concentration calculated using the inhaled dose 
method (Table 3-0). 

Consequently, the Category 3 method is used as the default cross-species dose 
extrapolation method to estimate the human equivalent concentration corresponding to the TCE 
experimental concentration at the adult rat LOEL. Then, the default methodology ofthe US 
EPA, 1994) for Category 3 gases was used to estimate the child equivalent concentration from 
the human equivalent concentration (see discussion in Section 3.0 for technical support of this 
decision, and its use in the previous section to derive a childhood-specific criteria based on a 
human occupational study). This is equivalent to an uncertainty factor of 1 to compensate for 
interspecies (adult animals and adult humans) and inter-lifestage (adult humans and children) 
differences in pharmacokinetics. 

A child-specific PBPK-model is the preferred method of estimating a child equivalent 
concentration corresponding to an adult (human or animal) internal dose metric (i.e., a TCE air 
concentration under conditions of continuous exposure where the child's intemal dose metric 
equals the animal-based point-of-departure). This method was not used due to the lack of 
validated TCE PBPK models for children and the additional uncertainties associated with 
estimating model parameter values for children. Instead, the human equivalent concentration 
was derived by using the human adult PBPK model to back-simulate an air concentration, 
assuming continuous exposure, from the point-of-departure. Then, the default methodology of 
US EPA (1994) for Category 3 gases was used to estimate child equivalent concentrations from 
HEC (see discussions in Section 3.0 and preceding section for technical support of this decision). 
This is equivalent to an uncertainty factor of 1 to compensate inter-lifestage (adult humans and 
children) differences in pharmacokinetics. 

In both the default and PBPK approaches, other uncertainty factors were used to obtain 
childhood-specific criteria. An uncertainty factor of 10 is used to account for the use of a LOEL 
rather than a NOEL as the point-of-departure. An uncertainty factor of 10 is used to account for 
human variation. An interspecies uncertainty factor of 3 is used to account for differences in the 
pharmacodynamic response of humans and animals to TCE. An uncertainty factor of 10 is used 
to account for the use of a 6-week study. These are the same uncertainty factors used in the 
derivation ofthe adult criteria, and there are not compelling reasons to reduce the magnitude of 
these uncertainty factors in the derivation of a childhood criteria. In addition, an uncertainty 
factor for lifestage variability in sensitivity (3) is used because ofthe limited evidence that 
developing CNS of infants and children might be rnore sensitive to the same intemal dose than 
adults. 

The total uncertainty factor used with each child equivalent concentration is 10,000. It 
was obtained by multiplying the individual uncertainty factors for five areas of uncertainty or 
variation, including three default factors of 10 (see Table 3-3). Each individual uncertainty 
factor is assumed to account for differences that might exist between the estimated value and the 
true value. Because it is unlikely that each true difference would be at or near its maximum, the 
multiplication of default individual uncertainty factors of 10 may over-compensate for the true 
differences in each area of uncertainty and variation (Calabrese and Gilbert, 1993; Gaylor and 
Kodell, 2000; Kodell and Gaylor, 1999; Nair et al., 1995; US EPA, 2002a). This may lead to 
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unnecessary conservative (i.e., derived criteria are lower than necessary to provide the desired 
level of health protection (Kodell and Gaylor, 1999). However, a consensus approach to 
determine the magnitude ofthe total uncertainty factor where there are two or more areas of 
uncertainty or variation has not yet been achieved (Gaylor and Kodell, 2002; Nair et al., 1995; 
Swartout et al., 1998). 

Childhood-specific criteria based on the Arito et al. (1993) study rat study are 27 mcg/m'' 
(TCE air concentration), 51 mcg/m^(peak TCA), and 3.9 mcg/m^ (peak TCOH) (Table 3-3). 
These are lower than the corresponding adult criteria. The magnitude of each individual 
uncertainty factor used to derive each childhood-specific criterion is consistent with general 
principles of risk assessment. However, it is possible that multiplication of individual 
uncertainty factors to obtain a 10,000-fold uncertainty factor provides an unnecessarily high 
level of protection. More important, the lack of data in five areas (lack of NOEL for a 
subchronic or chronic study, species differences, human differences, adult-child differences) 
indicates clearly the great uncertainty associated with the use ofthe study in rats to derive a 
childhood-specific criteria. It raises concerns expressed by US EPA (2002a) about the use a 
short-term study (6 weeks) to derive criteria for chronic exposure. 

Childhood-Specific Criterion Derived from Briving et al. (1986) 

One point-of-departure is identified from the Briving et al. Study (Table 3-4). It 
represents the LOEL for changes in brain biochemistry in gerbils. The experimental air 
concentration at the LOEL (269 mg/m )̂ is used as the default point-of-departure. As was done 
in the preceding section, the US EPA method for Category 3 gases is used as the defauft cross-
species dose extrapolation method to estimate the human equivalent concentration corresponding 
to the TCE experimental concentration at the aduh gerbil LOEL. It was also used to estiinate the 
child equivalent concentration from the human equivalent concentration. This is equivalent to an 
uncertainty factor of 1 to compensate for interspecies (aduh animals and adult humans) and inter-
lifestage (adult humans and children) differences in pharmacokinetics. 

Other uncertainty factors were used to obtain a childhood-specific criterion. An 
uncertainty factor of 10 is used to account for the use of a LOEL rather than a NOEL as the 
point-of-departure. An uncertainty factor of 10 is used to account for human variation. An 
interspecies uncertainty factor of 3 is used to account for differences in the pharmacodynamic 
response of humans and animals to TCE. An uncertainty factor of 3 is used to account for the 
use of a 1-year study. These are the same uncertainty factors used in the derivation ofthe adult 
criterion, and there are no compelling reasons to reduce the magnitude of these uncertainty 
factors in the derivation of a childhood criterion. In addition, an uncertainty factor for lifestage 
variability in sensitivity (3) is used because ofthe limited evidence that developing CNSs of 
infants and children might be more sensitive to the same internal dose than adults. 

The total uncertainty factor used with each child equivalent concentration is 3000. The 
resultant childhood-specific criterion based on the gerbil study is 90 mcg/m'' (Table 3-4). 

3.1.5 Selection of Recommended Criteria 

Inhaled TCE can cause CNS toxicity as indicated in studies of both humans and animals, 
as well as by the historical use of TCE as a surgical anesthetic (ATSDR, 1997). Nervous system 
effects (abnormal coordination tests and symptoms such as nausea, headache, dizziness, fatigue, 
drowsiness, weakness and heart palpitations) have been reported in at least three studies of 
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workers exposed to TCE (Okawa and Bodner, 1973; Rasmussen et al., 1993; Vandervort and 
Polakoff, 1973). Statistically-significant effects on the nervous system, including biochemical 
changes in the brain (Briving et al., 1986; Haglid et al., 1981; Kryklund et al., 1984), changes in 
learned behavior (Kulig, 1987), and electrophysiological changes (Arito et al., 1994; Rebert et 
al., 1991) are reported in controlled animal studies involving TCE inhalation exposure. 

The occupational investigation by Rasmussen et al. (1993) and the animal studies of 
Arito et al. (1994) and Briving et al. (1986) in rats and gerbils, respectively, are used as the basis 
for derivation of potential air criteria for TCE based on CNS toxicity. All studies have strengths 
and limitations. None ofthe studies identifies a NOEL. Strengths ofthe Rasmussen et al. (1993) 
study include the fact that it evaluated TCE-related CNS effects in a reasonably-sized human 
cohort (which eliminates the uncertainty associated with interspecies extrapolation), the extended 
exposure duration (as long as 35 years), a statistically significant trend for increasing severity of 
a sensitive CNS effect (motor coordination deficits) with increasing exposure duration, and 
concurrent biological monitoring data (urinary TCA) that can be used with pharmacokinetic 
modeling to estimate a TCE air concentration at the LOEL. A limitation ofthe Rasmussen et al. 
(1993) study is the concomitant exposure to CFC 113, which, based on its lower neurological 
potency compared to TCE and that only a small percentage ofthe cohort was identified as having 
effects related to CFC 113 exposure, is not considered a major confounding factor. 

Strengths ofthe Arito et al. (1994) study include the use of three exposure groups for 
which TCE exposure levels are accurately measured, and the measurement of a fairly sensitive 
endpoint for TCE toxicity (decreased wakefulness). Limitations include the use of a limited 
number of animals (5/group), the necessity of having to extrapolate the results from animals to 
humans, and the short exposure duration of 6 weeks (i.e., less than a subchronic study of 13 
weeks). This latter limitation seriously weakens confidence in the resultant criteria. According 
to the US EPA, application of uncertainty factors to less than subchronic studies is not consistent 
with current practices for the derivation of RfCs (US EPA, 2002a). Strengths ofthe Briving et 
al. (1986) include using a longer-term duration of exposure (12 months). Limitations include use 
of only two exposure groups, use of a limited number of animals (6/group), use of an 
unconventional animal model (gerbils), the necessity of cross-species extrapolation, and 
uncertainty about the role ofthe observed effects (increased brain uptake of glutamate and 
GABA) in TCE-related CNS toxicity. 

Based on the relative strengths and weaknesses ofthe studies used to derive potential 
criteria for TCE based on CNS toxicity, the greatest weight is given to criteria (an adult criterion 
of 11 mcg/m^ and a childhood-specific criterion of 11 mcg/m'') based on the occupational study 
of Rasmussen et al. (1993). Both criteria support 10 mcg/m^ as the recommended criterion based 
on the CNS effects of TCE. It is considered protective ofthe known CNS effects of inhaled 
TCE, and is recommended for use in the derivation of a TCE air criterion based on the non-
carcinogenic effects of TCE (see Section 3.6). 

3.2 Liver 

3.2.1 Human Studies 

Most evidence on TCE-induced liver toxicity in humans comes from studies of accidental 
poisonings or occupational exposures (ATSDR, 1997). Liver toxicity can occur following short 
or longer-term TCE exposure (i.e., months to years). Liver damage or degeneration has been 
observed in several cases of frank and sometimes fatal exposure to TCE (Clearfield, 1970; Joron 
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et al., 1955; Priest and Hom, 1965). Workplace exposure to TCE can also cause changes in 
urine and blood indicators of liver function (Capellini and Grisler, 1958; Graovac-Leposavic et 
al., 1964; Schuttmann, 1970), as well as liver fatty acid deposition (Schuttmann, 1970) and liver 
enlargement (Bauer and Rabens, 1974; Schuttmann, 1970). These studies provide evidence that 
TCE exposure can cause liver toxicity in humans. However, they are not usefiil for evaluation of 
exposure-response relationships because of inadequate TCE exposure information. 

Additional information on TCE liver toxicity in humans comes from studies of its use as 
a surgical anesthetic. No evidence of liver toxicity or damage was observed in 250 neurosurgery 
patients anesthetized with TCE for 3-5 hours (Brittain, 1948) or in 405 women anesthetized with 
1000 ppm (5374 mg/m )̂ TCE during Cesarean section (Crawford and Davies, 1975). Pembleton 
(1974) reported that 4 of 100 patients anesthetized with TCE had a postoperative rise in serum 
glutamic-oxaloacetic transaminase, which returned to normal within 2 or 3 days. None ofthe 
data from the human studies provides reliable information on the level and duration of exposure 
that caused liver effects. Thus, human data are not used to derive potential air criteria. 

3.2.2 Animal Studies 

The results of several inhalation studies establish that TCE is a liver toxicant in 
laboratory animals (Table 3-5). Kimmerle and Eben (1973) exposed male SPF Wistar II rats 
(20/group) to 0 or 55 ppm (296 mg/m )̂ TCE for 8 hrs/day, 5 days/wk for 14 weeks. The authors 
reported that exposed rats showed increased relative and absolute liver weights compared to 
unexposed rats (p < 0.01). However, the authors did not provide the dose-response data on body 
weights or liver weights that they used in their statistical analysis. 

Kjellstrand et al. (1981; 1983a) conducted a series of studies showing that continuous 
exposure to 0 or 150 ppm (806 mg/m )̂ TCE for 30 days causes liver enlargement in several 
rodent species and in several different strains of mice. Kjellstrand et al. (1981) exposed several 
groups of Sprague-Dawley rats (10-24/group), NMRI mice (12-20/group) and Mongolian 
gerbils (8 or 24/group) to 0 or 150 ppm (806 mg/m )̂ TCE continuously for 30 days. A 
statistically significant increase in mean relative liver weight compared to controls (p < 0.001) 
was observed in the exposed rats and gerbils. In exposed mice, both male and female animals in 
5 ofthe 7 exposed groups had statistically significant increases in relative liver weight compared 
to controls (p < 0.001 in most cases). In the remaining two groups, only males in one group and 
females in the other group had statistically significant increases. The liver enlargement was 
greater in mice, where the increase was 60-80%, compared to the 20-30% increase in rats and 
gerbils. After 5 days of no exposure, the increased relative liver weight in mice was reduced to 
10-20% higher than controls, and this difference persisted for at least 25 days. Kjellstrand et al. 
(1983a) exposed seven different strains (wild, C57BL, DBA, B6CBA, A/sn, NZB and NMRI) of 
mice (4-6 animals/sex/group) continuously to 150 ppm (806 mg/m )̂ to TCE for 30 days in two 
independent experiments. All the strains and sexes tested showed statistically significant 
increases (p < 0.001 in most cases) in mean liver weights compared to controls. Plasma 
butyrylcholinesterase activity was increased in the males of all strains tested (p < 0.01 for most 
strains) and in females of strains A/sn (p < 0.001) and NZB (p < 0.01). 

Kumar et al. (2001b) exposed aduh male Wistar rats (6/group) to 0 or 376 ppm (2021 
mg/m'') TCE for 4 hrs/day, 5 days/wk for a period of 8, 12 or 24 weeks. The authors reported 
liver enlargement in the exposed animals (p < 0.05), as well as necrotic lesions with fatty acid 
changes on histopathologic examination (p < 0.05). Marked necrosis was observed in the livers 
of rats exposed for 12 or 24 weeks (p < 0.05). GSH levels were decreased, and total sulfhydryl 
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levels, and acid and alkaline phosphatase activity levels were increased in liver homogenates 
(p < 0.05). Although the results of these studies are of limited use for evaluating exposure-
response relationships since they used only one exposure concentration, they indicate increased 
TCE-induced liver toxicity with increased duration of exposure and show that this toxicity 
occurs across sexes and species. 

Kjellstrand et al. (1983b) studied the effects of inhaled TCE on liver weight and plasma 
butyrylcholinesterase activity in male and female NMRI mice exposed to 0, 37, 75, 150 or 300 
ppm (0, 199, 403, 806 or 1612 mg/m )̂ continuously for 30 days. Group size at the lowest TCE 
exposure level was 20/sex; all other exposed groups and controls had 10 animals/sex. Absolute 
liver weights increased with TCE concentration in a non-linear fashion in both sexes (p < 0.001 
except for lowest exposed group of females, where p < 0.05). In animals exposed at the highest 
TCE level, liver vveights were about twice that of unexposed controls. Morphological changes 
were also observed in the livers of TCE-exposed animals. Relative (liver/body weight) liver 
weight in both sexes increased linearly with TCE concentration. In males, plasma 
butyrylcholinesterase activity was increased in a concentration-dependent manner (p < 0.001), 
and at the highest exposure level was increased 3.5 times over the controls. In females, 
butyrylcholinesterase activity was slightly increased only at the highest exposure level 
(p < 0.001). The study did not identify a NOEL; the experimental LOEL for increased liver 
weights was 37 ppm (199 mg/m ). 

3.2.3 Potential TCE Air Criteria Based on Liver Effects 

Critical Study. Human data are insufficient to evaluate TCE exposure-response 
relationships for liver toxicity. Consequently, animal data are used to derive potential criteria. 

Ofthe animal studies that evaluated liver toxicity after inhalation exposure to TCE, the 
Kjellstrand et al. (1983b) study is chosen for the derivation of potential criteria. In this study, 
mice exposed continuously to TCE for 30 days had increased absolute liver weights and 
morphological liver changes. These changes can be a sensitive early indicator of potential liver 
toxicity. Effects on the liver were observed in both sexes and the increased absolute liver 
weights were statistically significant at each exposure level and showed a clear exposure-
response trend. The Kjellstrand et al. (1983b) investigation also reported the lowest effect level 
for liver toxicity among the reviewed studies. The experimental LOEL was 37 ppm 
(199 mg/m^). A NOEL was not identified. Other studies (Table 3-5) were not identified as a 
critical study because of methodology limitations (only one TCE exposure level and inadequate 
reporting of results) or because the experimental or time-weighted-average effect levels are 
higher than those of Kjellstrand et al. (1983b). 

MOA and Internal Dose Metric. Clewell and Andersen (2004) recently summarized 
evidence suggesting the primary insult in the liver produced by TCE exposure is the stimulation 
of increased cell proliferation in altered cells, probably due to mitogenic activity ofthe TCE 
metabolites TCA and DCA. This is consistent with conclusions reached in a comprehensive 
review that TCE likely causes a modification of cell-signaling systems controlling rates of cell 
division and death (Bull, 2000). Given the rapid conversion of TCE to TCA and the minor 
amounts of DCA and CHL expected to be present, TCA is viewed as the TCE metabolite of 
greatest relevance to non-carcinogenic liver effects associated with TCE. This conclusion is 
consistent with the observation by Barton and Clewell (2000) that oral TCA doses cause the 
same liver effects (e.g., increased liver to body weight ratios, peroxisome proliferation) as oral 
TCE doses. 
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Consequently, the total amount of TCA in the liver over the exposure period represented 
by the AUC of TCA in plasma (AUC TCA, in mg/hour/L) is the commonly used internal dose 
metric for liver effects. An argument can also be made that peak plasma levels of TCA (in 
mg/L) might be a pertinent dose metric, as this may indicate the maximum level of exposure 
experienced by affected cells. In either case, the recent evidence that the TCA fraction bound to 
plasma proteins may be as much as four times higher in humans than in mice (Lumpkin et al., 
2003) supports the fraction of free TCA as the recommended TCA metric rather than total TCA, 
which has been used in the past. In addition, the potential for other products ofthe oxidative 
metabolic pathway, namely DCA and CHL, to be involved in liver toxicity suggests that total 
amount of TCE metabolized in liver via the oxidative pathway (total oxidative metabolites, in 
mg/g liver) may also be a relevant dose metric. 

Derivation of Potential Air Criteria. Potential air criteria based on the inhalation study of 
Kjellstrand et al. (1983b) are derived in Tables 3-6a (male rriice) and 3-6b (female mice). All 
were based on the observation that liver weights in exposed mice were higher than liver weights 
in unexposed mice. 

Two points-of-departure (LOEL and BMDLio) are used with the male and female mice 
data. For the BMDLio calculation, standard deviations for group mean weights were estimated 
from 95% confidence levels of group mean weights provided by Kjellstrand et al. (1983b) (also 
provided in Tables 3-6a and 3-6b). Means and standard deviations for controls were the 
weighted average of three different control groups. LOELs and the BMDLio are expressed as 
four dose metrics (experimental TCE air concentration, AUC TCA (mg-hr/L), peak TCA (mg/L), 
and total oxidative TCE metabolites generated in the liver (mg/g liver)). The human equivalent 
concentration corresponding to each dose metric-specific point-of-departure was estimated using 
either the default methodology or the human PBPK model. 

The total uncertainty factor applied to each human equivalent concentration based on 
LOEL is 1000, but is 100 when applied to each human equivalent concentration based on 
BMDLio. An uncertainty factor of 10 is used to account for the use of an LOEL, rather than a 
NOEL. This factor is not used with a BMDLio because it is considered equivalent to a NOEL. 
An interspecies uncertainty factor of 3 is used to account for differences in the pharmacodynamic 
response of humans and animals to TCE. A dosimetric adjustment factor of 1 (when the dose 
metric is TCE air concentration) or PBPK modeling (when the dose metric is an internal dose) is 
used to account for the pharmacokinetic component ofthe interspecies uncertainty factor. 

An intraspecies uncertainty factor of 10 is used to account for variation in sensitivity 
among members ofthe human population. Although a larger factor may be suggested by in vitro 
pharmacokinetic data on interhuman variation in CYP2E1 activity (Pastino, 2000), the 
importance role of these differences in human variation in sensitivity is not fully understood 
(Barton et al., 1996; Pastino, 2000). Moreover, the potential role of other intrinsic human factors 
(genetic, disease states, gender) on the pharmacokinetics and toxicity of TCE has not been 
adequately described by TCE-specific data (Pastino, 2000). Thus, data are insufficient to deviate 
from a default 10-fold uncertainty for intraspecies (human) variation. 

In addifion, an uncertainty factor of 3 is used to account for the use of data from a 30-day 
study in the derivation of criteria for chronic exposure. The default uncertainty factor of 10 is 
not used because in the same study, mice exposed continuously for 120 days at 150 ppm 
(806 mg/m )̂ had similar (not greater) increases in absolute liver weights than mice exposed to 
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150 ppm continuously for 30 days. This suggests that longer exposure durations do not increase 
the severity ofthe effect on the liver, and provides a basis for a departure from the default 
uncertainty factor of 10. 

There are uncertainties related to the critical study (Kjellstrand et al., 1983b) used to 
derive the potential air criteria based on liver effects. These include the less than chronic 
exposure duration (30 days) and the relatively small number of animals used for most exposure 
groups (10). In addition, it is uncertain which ofthe available dose metrics for TCE liver 
toxicity (Tables 3-6a and 3-6b) is most appropriate to use as a point-of-departure. Finally, 
uncertainties exist about the relevance of increases in liver weight to humans. Proliferation of 
peroxisomes (cytoplasmic organelles containing enzymes for the production and decomposition 
of hydrogen peroxide) in liver cells is associated with increased liver weight, and TCE is one of 
many chemicals that have been shown to induce peroxisome proliferation in rodent liver 
(Klaunig et al., 2003; US EPA, 2005d). Humans also express PPARa but growing evidence 
suggests that PPARa activation in humans results in qualitatively different and quantitatively 
smaller responses compared to rodents (Cattley et al., 1998; Klaunig et al., 2003; Lai, 2004). 
Thus, the relevance of non-cancer TCE-related liver toxicity in mice to humans has been 
questioned. 

3.2.4 Potential Childhood-Specific TCE Air Criteria Based on Liver Effects 

In this section, childhood-specific cHteria based on non-carcinogenic liver effects of TCE 
are derived. Criteria based on potential non-carcinogenic health effects of preconception, 
prenatal, and postnatal exposures to TCE are assessed in Section 3.4 (Reproductive Effects) and 
3.5 (Developmental Effects). Criteria based on the potential carcinogenic effects of childhood 
exposures are assessed, when possible, in Section 5.3. 

Evidence on differences in the senshivity of children and adults to the liver toxicity of 
TCE is very limited. 

(1) Specific studies showing greater hepatotoxicity in young animals or children than in 
adult animals or humans exposed to the same TCE levels in air are not available. Results from 
the National Toxicology Program's (NTP) two-generation continuous breeding reproduction and 
fertility assessments in both rats and mice (NTP, 1985; 1986) provide rrieager evidence on the 
relative sensifivity of adults and their offspring to the liver effects of oral doses of TCE. In each 
study, pairs of adult rats or mice are fed diets containing microencapsulated TCE (typically at 
three different concentrations) for about 14 weeks £ind allowed to breed. Four or five litters are 
produced during this interval, and the females are allowed to raise the last litter until weaning at 
postnatal day 21. Evaluations ofthe adults and the last-litter pups are conducted, and provide 
some comparative information ofthe response of adults (exposures only after reaching 
adulthood) and pup (exposed in utero and postnatally via breastmilk and diet). The data are 
limited because important parameters were not measured at all doses, and it is difficult to 
determine whether a differential response in pups reflects greater exposure or increased 
sensitivity to the same exposure. Nonetheless, a comparison of effect levels for liver effects in 
adult and pups does not provide evidence of differential response for adults and pups of exposed 
adults. 

In rats, relative liver weights were increased in adult males and females in the highest 
dosed group (300 mg TCE/kg/day), but results for groups at the lower doses were not reported. 
In the Fi generation rat pups, relative liver weights in males in all dosed groups were increased 
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and were increased in females in the two highest dose groups (Table 3-13). In mice, relative 
liver weights were increased in aduh and pup males and females in the highest dosed group 
(700 mg TCE/kg/day) (see Table 3-13). However, results for adult or pup groups at the lower 
doses were not reported. These partial data do not provide any evidence of an increased 
response among pups compared to adults. 

(2) Another factor that might contribute to an age-dependent variation in sensitivity to 
liver toxicants such as TCE is the age-dependent changes in the metabolic activity ofthe liver. 
General reviews indicate, however, that many ofthe age-dependent differences in 
pharmacokinetics between neonates and adults are reduced after 1-2 years of age (CA EPA, 
2001; NRC, 1993). Moreover, it is difficult to predict whether age-dependent metabolic 
differences will lead too lesser or greater toxicity. Evidence shows that children are more 
sensitive than adufts to some liver toxicants, but are less sensitive than adults to other liver 
toxicants (NRC, 1993; Pineiro-Carrero and Pineiro, 2004). Moreover, Pineiro-Carrero and 
Pineiro (2004) note that hepatic drug reactions are more common in adults than children and that 
"The lower incidence of documented hepatic toxicity from xenobiotics in children is attributable 
not only to less exposure to environmental toxicants but also to their relative resistance to hepatic 
toxicity." 

Thus, neither TCE-specific nor general data on liver toxicants are sufficient to conclude 
that children are more sensitive than adults to the liver toxicity of TCE. This contrasts with the 
evidence on CNS effects, where some data suggest children are more sensitive than adults to the 
CNS effects of TCE. 

In the previous section, potential adult criteria based on the non-carcinogenic liver effects 
of TCE were derived from a single inhalation study in aduh animals (Kjellstrand et al., 1983b). 
Two critical issues arise in the use of this study in the derivation ofthe childhood-specific 
criteria: (1) the method to extrapolate TCE air exposures across lifestages or species and (2) the 
magnitude ofthe uncertainty factor to compensate for human and lifestage variability in 
pharmacokinetic and pharmacodynamic responses to TCE exposures. At present, consensus 
approaches to these problems are limited by data gaps in the lifestage-specific pharmacokinetic 
and pharmacodynamic data for TCE. Because of these uncertainties, the default methods 
discussed in Section 3.1 are used to derive children equivalent concentrations corresponding to 
points-of-departure for liver effects in animals. Then, uncertainty factors are selected within the 
context of childhood exposures and are applied to child equivalent concentration to derive 
childhood-specific criteria based on liver effects in animals. 

In derivations of adult criteria based on the Kjellstrand et al. (1983b) study in mice, a 
total uncertainty factor of 1000 or 100 was applied to HEC corresponding to the LOEL or the 
BMDLio, respectively, expressed as a TCE air concentration or an intemal dose metric (Tables 
3-6a and 3-6b). These factors compensated for the pharmacodynamic differences between 
animals and humans (3), human variation (10), and the use of short-term study (3). In addition, a 
factor of 10 was used when the point-of-departure was a LOEL rather than a BMDLio. 
Compelling reasons to change the magnitude ofthe uncertainty factors in the derivation of 
childhood-specific criteria were not found. In particular, the duration ofthe study (30 days) is 
too short to considered reducing the size ofthe uncertainty factor for study length, although 
length of childhood is less than that of adulthood. Consequently, childhood-specific criteria are 
the same as the corresponding adult criteria (see Tables 3-6a and 3-6b). 
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3.2.5 Selection of Recommended Criteria 

Evidence that TCE inhalation can cause liver toxicity comes from the results of human 
and animal studies. Occupational TCE exposure and accidental TCE poisoning can cause 
various types of liver toxicity, including changes in urine and blood indicators of liver function 
(Capellini and Grisler, 1958; Graovac-Leposavic et al., 1964; Schuttmann, 1970), liver fatty acid 
deposition (Schuttmann, 1970), liver enlargement (Bauer and Rabens, 1974; Schuttmann, 1970), 
and liver damage or degeneration (Clearfield, 1970; Joron et al., 1955; Priest and Horn, 1965). 
These studies do not provide specific TCE exposure information. Thus, the studies are 
inadequate for use in exposure-response assessment. 

In animals studies, inhalation exposure to TCE causes changes in liver weights and 
morphology, as well as changes in liver enzyme activities (Kimmerle and Eben, 1973; 
Kjellstrand et al., 1981, 1983a,b; Kumar et al., 2001b). However, only one critical study is 
identified (Kjellstrand et al., 1983b). It is identified as a critical study primarily because 
exposure was continuous and the liver effects were consistently and statistically significant 
across sexes, strains, and species. However, the short exposure duration (30-day), the lack of a 
NOEL, and a relatively small number of animals for most exposure groups (10) are limitations of 
the study. The short duration, however, is a major limitation ofthe study. 

Potential criteria (adult and childhood-specific) ranged from 66-760 mcg/m^ depending 
on dose metric (TCE air concentration or intemal dose metric) or point-of-departure type (LOEL 
or BMDLio) (Tables 3-6a and 3-6b). Potential criteria are divided into those based on the 
default approach (using TCE air concentrations as the dose metric) and those based on intemal 
dose metrics. Those based on the intemal dose metrics are given greater weight in the selection 
of recommended criteria than those based on TCE air concentration. This is consistent with 
US EPA guidelines (US EPA, 1994) that recommends the use of internal dose estimates for low-
dose and cross-species extrapolations when validated PBPK models are available and when there 
is consensus on the identity ofthe proximate toxicants that are either responsible for TCE-
induced toxicity or are reasonable surrogates for the toxicants responsible for the observed 
toxicity of TCE. 

Potential criteria are divided into those based on an experimental exposure (i.e., LOEL) 
and those based on a calculated exposure (i.e., BMDLio). When both types of points-of-
departure are used, greater weight is given to potential criteria derived using a BMDLio. This is 
consistent with US EPA guidelines (US EPA, 2002a) and reflects the greater inherent limitations 
ofthe NOEL/LOEL approach. 

Potential criteria based on BMDLio internal dose estimates for male mice are all lower 
than the corresponding estimates for female mice, and suggest a greater sensitivity of male mice 
to the liver effects of TCE. In addition, the toxicologic and pharmacologic data do not provide a 
sufficient basis for identifying which sex is the better surrogate for humans. Therefore, criteria 
derived from BMDLio intemal dose estimates for male mice are given more weight than those 
derived from BMDLio intemal dose estimates for female mice. 

The recommended criteria for liver toxicity are based on toxicity data for male mice, 
internal dose metrics, and BMDLio estimates. They are 160 mcg/m'' (AUC TCA), 290 mcg/m^ 
(peak TCA), and 250 mcg/m^ (total oxidative metabolites). The toxicologic and pharmacologic 
data do not provide a sufficient basis for identifying a preferred internal dose metric (i.e., the 
dose metric that is the most reliable dose metric for exposure-response assessment). Given these 
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uncertainties, the lowest recommended criterion from the study (160 mcg/m )̂ is the 
recommended criterion based on the liver effects of TCE. It is considered protective ofthe 
known liver effects of inhaled TCE, and is recommended for use in the derivation of a TCE air 
criterion based on the non-carcinogenic effects of TCE (see Section 3.6). 

3.3 Kidney 

3.3.1 Human Studies 

Limited information indicates that TCE exposure can cause kidney toxicity in humans. 
Inhalation is the likely major route of exposure in most studies or reports. David et al. (1989) 
reported acute renal failure (described as acute allergic interstitial nephritis with secondary 
tubular necrosis) in a man who became ill after using TCE as a de-inking solvent over an 8-hour 
period. Gutch et al. (1965) reported acute renal failure in a man who used TCE as a solvent for 
tile adhesive for approximately 2 hours. Changes in urinary parameters indicative of kidney 
toxicity were measured in a man who intentionally inhaled spot remover containing TCE 
(Clearfield, 1970) and in workers occupationally exposed to TCE (Brogren et al., 1986; Green et 
al., 2004; Nagaya et al., 1989a; Selden et al., 1993). These studies provide evidence that short-
term, high level exposure to TCE can cause kidney toxicity in humans. However, they are not 
usefiil for evaluating exposure-response relationships because of inadequate TCE exposure 
information and because exposures involved chemicals other than TCE. 

Briining et al. (1999) conducted a retrospective study of kidney toxicity in 39 male 
cardboard factory workers who were employed an average of 16.1 years and exposed to elevated 
levels of TCE between 1956-1975. TCE was the only chemical used in large amounts at the 
facility, but no objective exposure measurements were obtained. A semi-quantitative exposure 
ranking was based on survey responses taken in 1995 detailing^the severity and frequency of 
subjective prenarcotic symptoms as well as the duration of exposure. The average levels of total 
urinary protein, serum and urine creatinine, and serum urea in exposed workers were not 
statistically different from those in 46 unexposed male controls. The average urinary excretion 
levels of alpha-1-microglobulin and GST-alpha indicators of proximal tubular damage) were 
increased (p < 0.01 and p < 0.001, respectively) in exposed workers compared to the controls. 
The authors concluded that chronic exposure to high levels of TCE causes persistent changes to 
the proximal tubular system ofthe kidney. 

Radican et al. (2006) conducted a retrospective cohort study on the link between 
exposure to 16 hydrocarbons (including TCE) and end-stage renal disease (ESRD). The study 
matched data files from a cohort of 14,455 workers employed for at least 1 year between 1952 
and 1956 at the Hill Air Force Base aircraft maintenance facility in Utah with files in the 
National Death Index and the US Renal Data System. Approximately one-half of the cohort was 
exposed to TCE. The results of 2 x 2 table analysis, and unadjusted and adjusted Cox regression 
analysis indicated an approximate 2-fold increased risk for ESRD among workers exposed to 
TCE, 1,1,1-trichloroethane, or JP4 gasoline compared with unexposed subjects (p < 0.05) for the 
years 1973-2000. Statistically significant associations were also noted for exposure to acetone, 
carbon tetrachloride, Stoddard solvent and mixed solvents, but the increased risks for these 
substances were not indicated by all three analyses. When the years 2001 and 2002 were 
included in the analysis, the increases in risk for ESRD were no longer significant (p > 0.05). 
The authors attributed the attenuation to an increase in the rates of ESRD for the unexposed 
group in 2001-2002, not a decrease in ESRD for the exposed subjects. The authors state that 
this is the first occupational study that specifically associates exposure to hydrocarbons 
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(including TCE) with ESRD. Confidence in the associations for individual hydrocarbons is 
decreased by the overlapping exposures and by the sudden attenuation ofthe risks when data for 
2001 and 2002 were included. 

Neither Bruning et al. (1999) nor Radican et al. (2006) provided informafion on 
workplace air levels or other indices of occupational exposures. Thus, they are not useful for 
evaluation of exposure-response relationship. However, these studies provide evidence that links 
occupational TCE exposure with kidney toxicity in humans. 

3.3.2 Animal Studies 

Inhaled TCE can cause adverse kidney effects in laboratory animals (Table 3-7). 
In Kjellstrand et al. (1981), several groups of Sprague-Dawley rats (10-24 per group), NMRI 
mice (12-20 per group) and Mongolian gerbils (8-24 per group) were continuously exposed to 
0 or 150 ppm (0 or 806 mg/m^) TCE for 30 days. A statistically significant increase in relative 
kidney weights (15% over controls) was observed in the exposed gerbils (p < 0.001 for males, 
p < 0.01 for females). Smaller increases in relative kidney weights were observed in exposed 
male and female rats and mice, but the increases were not statistically significant in either 
species. When Kjellstrand et al. (1983a) exposed seven different strains (wild, C57BL, DBA, 
B6CBA, A/sn, NZB and NMRI) of mice (4-6 animals/sex/group) continuously to 0 and 150 ppm 
(0 or 806 mg/m )̂ TCE for 30 days, small but statistically significant increases in absolute kidney 
weights were observed in the wild, A/sn, NZB, and NMRI strains. The increases were observed 
in both sexes of only the wild and NMRI strains. These two studies are of limited usefulness for 
evaluating TCE exposure-response relationships because they used only a single exposure level. 

In a third study, Kjellstrand et al. (1983b) exposed male and female NMRI mice (10-20 
per group) to 0, 37, 75, 150 or 300 ppm (0, 199, 403, 806 or 1612 mg/m^) TCE continuously for 
30 days. The authors noted a statistically significant increase in absolute kidney weights at 
75 ppm (403 mg/m^) and higher for males (p < 0.001), and at 150 ppm (806 mg/m^) and higher 
for females (p < 0.001 at 150 ppm, p < 0.01 at 300 ppm). Thus, the experimental NOEL and 
LOEL for increased absolute kidney weights among male mice are 37 ppm (199 mg/m^) and 75 
ppm (403 mg/m^), respectively. The experimental NOEL and LOEL for increased absolute 
kidney weights among female mice are 75 ppm (403 mg/m )̂ and 150 ppm (806 mg/m''), 
respectively. Information on relative kidney weights or alterations in kidney morphology was 
not provided. 

Mensing et al. (2002) studied kidney toxicity in male Long-Evans rats (40 per group) 
exposed to 0 or 500 ppm (0 or 2687 mg/m )̂ TCE for 6 hrs/day, 5 days/wk for 6 months. Several 
urinary parameters were measured as indicators of nephrotoxicity between exposure weeks 18 
and 22. The parameters included high molecular weight proteins and albumin as indicators of 
glomemlar damage, and N-acetyl-P-D-glucosaminidase and low molecular weight proteins as 
indicators of proximal tubular damage. An increase in N-acetyl-P-D-glucosaminidase (p < 
0.0005) and low molecular weight proteins (p < 0.01) was observed in 10 exposed rats selected 
for urinary analysis. Histological alterations in the renal glomeruli and tubules of exposed rats 
were also reported. Effects were observed at the only exposure level (2687 mg/m^) used in the 
study; however, the corresponding time-weighted air concentration (480 mg/m'') was higher than 
the lowest continuous-exposure LOEL (403 mg/m )̂ identified for mice in Kjellstrand et al. 
(1983b). 
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In a chronic study on the carcinogenic effects of TCE, Maltoni et al. (1986) exposed 
Sprague-Dawley rats (130/sex/group; 135 and 145 for male and female controls, respectively), 
Swiss mice (90/sex/group) and B6C3F1 mice (90/sexygroup) to 0, 100, 300 or 600 ppm (0, 537, 
1611 or 3222 mg/m ) for 7 hrs/day, 5 days/wk. Rats were exposed for 104 weeks and mice were 
exposed for 78 weeks. Male rats exposed to 1611 mg/m^ and 3222 mg/m^ showed dose- related 
increases in kidney meganucleocytosis (p < 0.01), which the authors hypothesized were 
precursor lesions to renal adenocarcinoma. The incidences in male rats were 16.9% and 77.7% 
in the groups exposed to 1612 mg/m^and 3224 mg/m ,̂ respectively. Effects were not observed 
in control male rats, male rats exposed to 537 mg/m'', female rats or in either strain of mice. The 
experimental NOEL and LOEL for kidney effects are 537 mg/m^ and 1611 mg/m ,̂ respectively. 
However, the time-weighted-average (TWA) NOEL and LOEL for use in evaluating human 
chronic exposures are 112 mg/m'' and 336 mg/m ,̂ respectively (e.g., 537 mg/m'' x 5 days/7 days 
X 8 hrs/24 hours). In comparison, the estimated NOEL and LOEL for evaluating human chronic 
exposures derived from the short-term study in male mice (Kjellstrand et al., 1983b) are 19.9 and 
40.3 mg/rh ,̂ respectively.^ 

3.3.3 Potential TCE Air Criteria Based on Kidney Effects 

Critical Study. Human data are insufficient to evaluate TCE exposure-response 
relationships for kidney toxicity. Therefore, animal data are used to derive potential criteria. 

Ofthe animal studies that evaluate kidney toxicity after inhalation exposure to TCE, the 
Kjellstrand et al. (1983b) study is the only study chosen for the derivation of potential criteria. It 
used three TCE exposure levels, exposed animals continuously to TCE, provided consistent 
results, and identified both a NOEL and a LOEL. Mice exposed continuously to TCE for 30 
days had increased absolute kidney weights compared to unexposed controls. Both males and 
females were affected, but males were more sensitive than females. In males, the NOEL and 
LOEL were 37 (199 mg/m'') and 75 ppm (403 mg/m''), respectively. In females, the NOEL and 
LOEL were 75 (403 mg/m'') and 150 ppm (806 mg/m''), respectively. Other studies (Table 3-7) 
were not identified as a critical study because only one TCE exposure level was used and/or 
because the estimated chronic NOEL and/or LOEL from the study are higher than those 
estimates from Kjellstrand et al. (1983b). 

MOA and Internal Dose Metric. Nephrotoxicity is widely believed to be due to the 
activity of toxic metabolites generated through the GSH-dependent metabolic pathway of TCE. 
Beta-lyase and/or a flavin mono-oxygenase (FMO) (S-oxidase) catalyze the cysteine conjugate 
formed from TCE, DCVC, to cytotoxic and/or mutagenic metabolite(s). DCVC has been shown 
to be highly nephrotoxic and mutagenic in the Ames test (Lash et al., 2000; Clewell and 
Andersen, 2004). Additionally, resuhs of PBPK analyses indicate that the kidneys are exposed 
to significant amounts of TCE, due to their large blood flow, and that formation of GSH-derived 
metabolites from TCE can occur within the kidneys at appreciable rates (Lash et al., 2000). 
CYP2E1 activity is also present in the kidney so some oxidative metabolites may be generated 
there as well, although not at high rates. 

^ These values are estimated by dividing the experimental NOEL (199 mg/m'') and LOEL (403 
mg/m )̂ in male mice identified in a short-term (i.e., 30-day) study (Kjellstrand et al., 1983b) by an 
uncertainty factor of 10 to compensate for the use of a NOEL/LOEL from a subchronic study to identity a 
chronic NOEL/LOEL (US EPA, 2002a). 

43 

AR100415



Lash et al. (2000) proposed that exposure of renal cells to DCVC produces oxidative 
stress, protein and DNA alkylation, and mitochondrial dysfiinction. Because of inhibition of 
active transport processes and marked ATP depletion, cytotoxicity occurs and results in acute 
tubular necrosis. At lower doses, mild changes in mitochondrial function and oxidative stress as 
well as selective alkylation of protein and DNA may occur, leading to changes in homeostatic 
processes in the cell that will ultimately alter gene expression and cell growth (Lash et al., 2000). 
Briining and Bolt (2000) noted that marker proteins associated with toxic damage to proximal 
renal tubules are excreted by humans exposed to high levels of TCE, indicating the occurrence of 
damage to the proximal renal tubules. Repetitive episodes of high peak exposures to TCE over a 
prolonged period of time apparently led to nephrotoxicity in the subjects evaluated, evidenced by 
the excretion of tubular marker proteins in the urine. Finally, Barton and Clewell (2000) 
reviewed the non-carcinogenic kidney toxicity and concluded that it was directly related to the 
formation of DCVC through GSH-dependent metabolic pathways present in the kidney. 
Similarly, Lash et al. (2000) and Clewell and Andersen (2004) noted that kidney damage is most 
likely related to toxicity from a reactive thioketene produced from DCVC by beta-lyase in the 
kidney. | 

Based on these analyses, the total production of metabolites generated in the kidney 
through GSH-dependent metabolism over the exposure period (AUC DCVC in kidney in mg-
hour/L) is an appropriate dose metric for kidney effects. 

Derivation of Potential Air Criteria. Potential air criteria based on the inhalation study of 
Kjellstrand et al. (1983b) are derived in Tables 3-8a (male mice) and 3-8b (female mice). All 
were based on the observation that the absolute kidney weights in exposed mice were higher than 
the absolute kidney weights in unexposed mice. 

One point-of-departure (NOEL) is used with the male mice data because none ofthe 
continuous models in the US EPA's BMD software program was able to adequately describe the 
exposure-response data. Two points-of-departure (NOEL and BMDLio) are used with the 
female mice data. For the BMDLio calculation, standard deviations for group kidney weights 
were estimated from 95% confidence levels of group kidney weights provided by Kjellstrand et 
al. (Table 3 in Kjellstrand et al. (1983b); also provided in Table 3-8b). Means and standard 
deviations for controls were the weighted average of three different control groups. NOELs and 
the BMDLio are expressed in two dose metrics (experimental TCE air concentration and AUC 
DCVC (mg-hour/L)). 

The total uncertainty factor applied to the NOELs and the BMDLio is 300. An 
interspecies uncertainty factor of 3 is used with each point-of-departure to account for 
differences in the pharmacodynamic response of humans and animals to TCE. A dosimetric 
adjustment factor of 1 (when the dose metric is TCE air concentration) or PBPK modeling (when 
the dose metric is an intemal dose) is used with each point-of-departure to account for the 
pharmacokinetic component ofthe interspecies uncertainty factor. 

An intraspecies uncertainty factor of 10 is used with each point-of-departure to account 
for variation in sensitivity among members ofthe human population. Although a larger factor 
may be suggested by in vitro pharmacokinetic data on interhuman variation in CYP2E1 activity 
(Pastino, 2000), the importance role of these differences in human variation in sensitivity is not 
fully understood (Barton et al., 1996; Pastino, 2000). Moreover, the potential role of other 
intrinsic human factors (genetic, disease states, gender) on the phanhacokinetics and toxicity of 
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TCE has not been adequately described by TCE-specific data (Pastino, 2000). Thus, data are 
insufficient to deviate from a defauh 10-fold uncertainty for intraspecies (human) variation. 

In addition, an uncertainty factor of 10 is used to account for use of a less-than-chronic 
study (30-day study) in the derivation of criteria for chronic exposure. This uncertainty factor is'̂  
supported by data from Kjellstrand et al. (1983b) that show mice exposed continuously for 120 
days to 150 ppm (806 mg/m'') had slightly greater increases in absolute kidney weights than mice 
exposed continuously for 30 days to the same concentration. This effect of exposure duration 
was not seen in the liver weight data from the same study. 

3.3.4 Potential Childhood-Specific TCE Air Criteria Based on Kidney 
Effects 

In this section, childhood-specific criteria based on non-carcinogenic kidney effects of 
TCE are derived. Criteria based on potential non-carcinogenic health effects of preconception, 
prenatal, and postnatal exposures to TCE are assessed in Section 3.4 (Reproductive Effects) and 
3.5 (Developmental Effects). Criteria based on the potential carcinogenic effects of childhood 
exposures are assessed, when possible, in Section 5.3. 

Evidence on differences in the sensitivity of children and adults to the kidney effects of 
TCE is very limited. 

(1) Specific studies showing greater renal toxicity in young animals or children compared 
to adult animals or humans, respectively, exposed to the same TCE levels in air are not available. 
Results from the NTP two-generation continuous breeding reproduction and fertility assessments 
in both rats and mice (NTP, 1985; 1986) provide meager evidence on the relative sensitivity of 
adults and their offspring to the kidney effects of oral doses of TCE. In each study, pairs of adult 
mice or rats are fed diets containing microencapsulated TCE (typically at three different 
concentrations) for about 14 weeks and allowed to breed. Four or five litters are produced 
during this interval, and the females are allowed to raise the last litter until weaning at postnatal 
day'21. Evaluations ofthe adults and the last-litter pups are conducted, and provide some 
comparative information ofthe response of adults (exposures only after reaching adulthood) and 
pup (exposed in utero and postnatally via breastmilk and diet). The data are limited because 
important parameters were not measured at all doses, and it is difficuft to determine whether a 
differential response in pups reflects greater exposure or increased sensitivity to the same 
exposure. Nonetheless, a comparison of kidney-effect levels In adult and pups does not provide 
consistent evidence of a differential response in adults and pups of exposed adults. 

In rats, relative kidney weights were increased in adult males and females in the highest 
dosed group (300 mg TCE/kg/day), but results for groups at the lower doses were not reported. 
In the Fi generation rat pups, relative kidney weights in males and females in all dosed groups 
were not increased (Table 3-13). In mice, relative kidney weights were not increased in male 
and female adults in the highest dosed group (700 mg TCE/kg/day), but were increased in male 
and female pups in the highest dosed group (see Table 3-13). Results for aduh or pup groups at 
the lower doses were not reported. These data provide conflicting evidence on the relative 
sensitivities of aduhs and pups to the kidney effects of TCE. 

(2) Another factor that might contribute to an age-dependent variation in sensitivity to 
kidney toxicants is age-dependent changes in the structure and function ofthe kidneys. General 
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reviews indicate, however, that age-dependent differences may lead to greater or lesser toxicity 
(Ginsberg et al., 2004b; Scheuplein et al., 2002; Solhaug et al., 2004). 

Thus, neither TCE-specific nor general data on kidney toxicants are sufficient to 
conclude that children are more sensitive than adults to the kidney toxicity of TCE. This 
contrasts with the evidence on CNS effects, where there are some data to suggest children are 
more sensitive than adults to the CNS effects of TCE. 

In the previous section, potential adult criteria based on the non-carcinogenic kidney 
effects of TCE were derived from a single inhalation study in adult animals (Kjellstrand et al., 
1983b). Two critical issues arise in the use of this study in the derivation ofthe childhood-
specific criteria: (1) the method to extrapolate TCE air exposures across lifestages or species and 
(2) the magnitude ofthe uncertainty factor to compensate for human and lifestage variability in 
pharmacokinetic and pharmacodynamic responses to TCE exposures. At present, consensus 
approaches to these problems are limited by data gaps in the lifestage-specific pharmacokinetic 
and pharmacodynamic data for TCE. Because of these uncertainties, the default methods 
discussed in Section 3.1 are used to derive children equivalent concentrations corresponding to 
points-of-departure for kidney effects in animals. Then, uncertainty factors are selected within 
the context of childhood exposures and are applied to child equivalent concentration to derive 
childhood-specific criteria based on liver effects in animals. 

In derivations of adult criteria based on the Kjellstrand et al. (1983b) study in mice, a 
total uncertainty factor of 300 was applied to HEC corresponding to the NOEL or the BMDLio, 
respectively, expressed as a TCE air concentration or an intemal dose metric (Tables 3-8a and 
3-8b). These factors compensated for the pharmacodynamic differences between animals and 
humans (3), human variation (10), and the use of short-term study (10). Compelling reasons to 
change the magnitude ofthe uncertainty factors in the derivation of childhood-specific criteria 
were not found. Consequently, childhood-specific criteria are the same as the corresponding 
adult criteria (see Tables 3-8a and 3-8b). 

3.3.5 Selection of Recommended Criteria 

Evidence that TCE inhalation can cause kidney toxicity cornes from studies of accidental 
and occupational exposure in humans and inhalation studies with laboratory animals. Effects 
documented in humans exposed to TCE by inhalation range from acute renal failure after 
accidental poisoning (David et al., 1989; Gutch et al., 1965) to changes in urinary parameters 
indicative of kidney toxicity (Brogren et al., 1986; Clearfield, 1970; Green et al., 2004; Nagaya 
et al., 1989a; Selden et al., 1993). These studies do not provide specific TCE exposure 
information. Thus, the studies are inadequate for use in exposure-response assessment. 

Animal studies report different types of kidney effects after inhalation exposure to TCE, 
including increased kidney weights (Kjellstrand et al., 1981; 1983a,b), changes in kidney 
morphology (Maltoni et al., 1986), and biochemical changes indicative of kidney damage 
(Mensing et al., 2002). However, only one study (Kjellstrand et al., 1983b) is identified as a 
critical study primarily because exposure was continuous and the study found both a NOEL and 
LOEL. However, the short exposure duration (30-day) and a relatively small number of animals 
for most exposure groups (10) are limitations ofthe study. The short duration, however, is the 
major limitation ofthe study. 
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Potential criteria ranged (adult and childhood-specific) from 160-1300 mcg/m^ 
depending on dose metric (TCE air concentration or internal dose.metric) or point-of-departure 
type (NOEL or BMDLio) (Tables 3-8a and 3-8b). Potential criteria can be divided into those 
based on the default approach (using TCE air concentrations as the dose rnetric) and those based 
on an internal dose metric (DCVC AUC). Those based on the internal dose metrics are given 
slightly greater vveight than those based on TCE air concentration. This is consistent with 
US EPA guidelines (US EPA, 1994) that recommends the use of internal dose estimates for low-
dose and cross-species extrapolations when validated PBPK models are available and when there 
is consensus on the identity ofthe proximate toxicants that are either responsible for TCE-
induced toxicity or are reasonable surrogates for the toxicants responsible for the observed 
toxicity of TCE. The PBPK-based criteria are only given slightly greater weight because of 
concems that the selected internal dose metric may not be reliable intemal dose metric for kidney 
effects. For both male and female mice, potential criteria based on the intemal dose metric are 
lower than the corresponding criteria based on TCE air concentration. 

Potential criteria can also be divided into those based on an experimental exposure/dose 
(i.e., NOEL) and those based on a calculated exposure/dose (i.e., BMDLio). When both 
experimental and calculated exposures/doses were used as a point-of-departure, greater weight 
was given to potential criteria derived using a BMDLio. This is consistent with US EPA 
guidelines (US EPA, 2002a) and reflects the greater inherent limitations ofthe NOEL/LOEL 
approach. Coincidentally, potential criteria based on the BMDLio in female mice were lower 
than the corresponding criteria based on the NOEL. 

The recommended criteria for kidney toxicity are based on toxicity data for female mice 
and male mice, an internal dose metric (DCVC AUC)., and BMDLio estimate (female mice) or 
NOEL (male mice). They are 160 mcg/m^ (female mice data) and 510 mcg/m^ (male mice data). 
Toxicologic and pharmacologic data do not provide a sufficient basis for identifying which sex is 
the better surrogate for humans. Thus, the lower criterion (160 mcg/m )̂ is the recommended 
criterion based on the kidney effects of TCE. It is considered protective ofthe known kidney 
effects of inhaled TCE, and is recommended for use in the derivation of a TCE air criterion 
based on the non-carcinogenic effects of TCE (see Section 3.6). 

3.4 Reproductive EfTects 

3.4.1 Human Studies 

Inhalation 

There is some suggestive evidence from human studies that TCE inhalation exposure 
may be linked to reproductive effects in both women and men. These studies are detailed in 
Tables 3-9 and 3-10 and summarized below. 

Windham et al. (1991) reported increased odds ratios (OR = 3.1, 95% CI 0.9-10.4) for 
spontaneous abortion among women exposed occupationally to TCE and other solvents. The OR 
for spontaneous abortion was increased significantly (OR = 7.7, 95% 1.3-47.4) among women 
with > 0.5 hr/wk of exposure to TCE and other solvents (Table 3-9). In both cases, unexposed 
women were the reference group. Each incidence of spontaneous abortion was verified by 
hospital pathology records, but TCE exposures were based on self-reporting by participants. 
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Time-to-pregnancy among women was assessed by Sallmen et al. (1995), who reported 
an exposure-related decrease in the incidence density ratio (IDR, the ratio of pregnancies among 
exposed compared to unexposed women) among women occupationally exposed to organic 
solvents, which may have included TCE. For low-solvent and high-solvent exposure groups, the 
IDR were 0.69 (95% CI = 0.48-0.99)'and 0.41 (95% CI = 0.27-0.62), respectively. However, 
among the small number of women identified with biomarker evidence (TCA in urine) of TCE 
exposures (n = 19 with low exposure; n = 9 with high exposure), the IDR was not reduced 
significantly. Time-to-pregnancy estimates were all based on self-reporting by the participants. 

Both studies were limited by the small number of cases with TCE exposure, and the 
likelihood that many ofthe women were exposed to a variety of solvents. In addition, exposure 
misclassification was possible as both studies relied upon self-reporting to establish TCE 
exposure and neither study included estimates of TCE air levels for exposed workers. Estimates 
of IDR in Sallmen et al. (1995) were also limited by self-reporting on the number of menstrual 
cycles required to become pregnant. Thus, these two studies provide inconclusive evidence of a 
link between TCE exposure and reproductive effects in women. 

Reproductive effects have been assessed among male workers occupationally exposed to 
organic solvents, including TCE, by examining the frequency of spontaneous abortions and time-
to-pregnancy among their wives using pregnancy outcome data from the Finnish Hospital 
Discharge Register (Table 3-10) (Sallmen et al., 1998; Taskinen et al., 1989). Patemal exposure 
to TCE specifically and other solvents was determined using a combination of questionnaire and 
biomonitoring (urinary TCA for TCE exposures) information. 

In Taskinen et al. (1989), patemal TCE exposure (17 cases) was not associated with an 
increased OR for spontaneous abortions (OR = 1.0, 95% CI = 0.6-2.0). Any patemal exposure 
to organic solvents, however, was associated with an increased OR for spontaneous abortions 
(OR = 2.7, 95% CI = 1.3-5.6). Similar OR were seen for low/rare or high/frequent patemal 
solvent exposure (Table 3-10). In Sallmen et al. (1998), a decreased fecundity density ratio 
(FDR) among women with no previous pregnancies (FDR = 0.36, 95% CI = 0.19-0.66) or with 
children (FDR = 0.52, 95% CI = 0.30-0.89) was associated with patemal exposure to high levels 
of organic solvents, but not specifically with TCE exposure (based on TCA in urine) 
(Table 3-10). 

These two studies do not provide evidence of an association between paternal TCE 
exposure and adverse reproductive outcome. Taskinen et al. (1989) did not find an elevated risk 
of spontaneous abortion among wives of TCE-exposed men. Sallmen et al. (1998) did not find 
an elevated risk of increased time-to-pregnancy among the wives of men linked to TCE exposure 
using biomonitoring data (TCE in urine). The limitations of these studies were similar to those 
of studies on female reproductive effects. These include small numbers of TCE-exposed 
participants (n = 17 in Taskinen et al., 1989; n = 21 in Sallmen et al., 1998), exposure to muhiple 
solvents (both studies), and self-reporting of exposure status and health outcome (Sallmen et al., 
1998). 

Effects on sperm associated with human TCE exposure have been assessed in two studies 
(Table 3-10). Rasmussen et al. (1988) found no effect on sperm count or morphology in semen 
from 12 male factory workers using TCE compared to 14 non-exposed physicians. Quantitative 
measurements of TCE air concentrations were not made. 
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Chia et al. (1996) found that 25% ofthe sperm obtained from 85 TCE-exposed workers 
in an electronics factory had normal morphology, which is lower than the percentage (30%) 
considered normal by the World Health Organization (WHO). The average 8-hour TWA TCE 
exposure of 12 workers was 29.6 ppm (159 mg/m^). When workers were placed into low or high 
TCE exposure groups (based on urinary TCA concentration), sperm density was decreased 
(p < 0.05) in male workers in the high group (n = 48) when compared to workers in the low 
group (n = 37). However, the sperm density for both groups was within limits considered 
normal by the WHO. 

Neither of these studies provides clear evidence for a TCE effect on sperm. Rasmussen 
et al. (1988) did not find any effects, but included only a small number of TCE exposed men 
(n = 13). Chia et al. (1996) found effects associated with TCE exposures, but the effects were 
minimal and their implications to reproduction are unclear. 

In a recent report, TCE and the TCE metabolites (CHL (all subjects), TCOH (all 
subjects), DCA (two subjects), TCA (one subject)) were found in semen of eight mechanics who 
had used TCE and who had been classified as infertile according to criteria used by the WHO 
(Forkert et al., 2003). Additionally, the major enzyme involved in oxidative metabolism of TCE 
(CYP2E1) was localized, using immunohistochemistry, in human epididymis and testes (Leydig 
cells) of four anonymous donors. This suggests that these tissues have the capacity to metabolize 
TCE to toxic oxidative metabolic products. Neither TCE nor the TCE metabolites (TCOH or 
CHL) were found in semen obtained from five men with no exposure to TCE (whose fertility 
was not specified). 

Oral 

Human studies specifically evaluating reproductive endpoints such as spontaneous 
abortion, time-to-pregnancy, or alterations in sperm parameters following oral exposures to TCE 
were not identified. Studies evaluating birth outcomes such as birth weight, birth defects, and 
stillbirths in populations exposed to TCE-contaminated drinking water were identified and are 
discussed in Section 3.5 Developmental Effects. 

3.4.2 Animal Studies 

Inhalation 

Inhalation studies specifically conducted to assess female-specific endpoints for 
reproductive (e.g., ovary weight or histopathology, estrous cycle changes) were not found. 
Inhalation studies assessing couple-mediated reproductive toxicity (e.g., litter effects postnatal 
growth) are discussed in Section 3.5 Developmental Effects. 

Several studies have reported male reproductive effects after TCE inhalation. Study 
details and toxicity endpoints measured but not affected by TCE exposure are found in 
Table 3-11. Here, the positive results are summarized. 

In male (C57B1/C3H)F1 mice, morphologic changes in spermatozoa were observed after 
exposure to 2000 ppm (10,748 mg/m^) TCE, 4 hrs/day for 5 days, but not after exposure to 
200 ppm (1075 mg/m^) TCE 4 hrs/day for 5 days (Land et al., 1981). Morphological changes in 
the epididymis (sloughing of epithelial cells) were observed in CD-I mice exposed to 1000 ppm 
(5374 mg/m^) TCE 6 hrs/day, 5 days/wk for 2 or 4 weeks but not in mice exposed to the same 
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concentration for 1 or 3 weeks (Forkert et al., 2002). Sperm retrieved from CD-I mice exposed 
to 1000 ppm (5374 mg/m )̂ TCE 6 hrs/day, 5 days/wk for 2 or 6 weeks, but not for 1 or 4 weeks, 
bound less frequently than control sperm to eggs isolated from unexposed female mice in vitro 
(Xu et al., 2004). Additionally, unexposed females mated to mice exposed for 2 or 6 weeks in 
vivo had significantly decreased percentages of fertilized eggs. 

Testicular toxicity was reported in groups of Wistar rats exposed to 376 ppm (2021 
mg/m'') TCE 4 hrs/day, 5 days/wk for 12 or 24 weeks compared to unexposed rats (Kumar et al., 
2000; 2001a). Both exposed groups exhibited significantly decreased body weight gain, 
decreased absolute testicular weight, decreased sperm count per gram cauda epididymis, and 
decreased sperm motility. Additionally, testes of exposed rats showed duration-dependent 
histopathological changes (decreased numbers of spermatogenic cells and spermatids, necrotic 
spermatogenic cells); altered activities of testicular enzymes involved in spermatogenesis and 
sperm maturation; decreased activities of enzymes involved in testosterone biosynthesis; 
decreased levels of serum testosterone; and increased levels of testicular cholesterol. Although 
the reduced body weight observed in the TCE-exposed rats may represent systemic effects, data 
do not adequately describe the relationship between the general systemic effects of TCE and the 
male reproductive effects of TCE. Thus, it is premature to conclude that the observed 
reproductive effects observed in Kumar et al. (2000; 2001a) were secondary to systemic effects 
(see US EPA, 1996). 

Data on the male reproductive toxicity of inhaled TCE are limited, but show that TCE 
can alter components ofthe reproductive system of male animals. Some ofthe observed effects 
(histopathological changes in the testes, epididymis and sperm) are generally recognized as 
sensitive indicators that a chemical is affecting the male reproductive system (Clegg et al., 2001; 
Creasy, 2003). They do not necessarily indicate that normal in vivo reproduction will be 
impaired by the chemical (Clegg et al., 2001; Creasy, 2003). However, one study (Xu et al., 
2004) showed that male mice exposed to TCE had an impaired ability to fertilize eggs of 
unexposed females (in vivo), which suggests the potential for TCE to impair reproductive 
success. Consequently, the database on the reproductive toxicity of oral TCE exposures was 
reviewed. 

Oral 

When groups of 23 female Long Evans hooded rats were exposed to gavage doses of 0, 
10, 100 or 1000 mg/kg/day TCE for 2 weeks before mating and throughout mating to gestation 
day 21, no effects on female fertility were reported (Manson et al., 1984). However, the highest 
dosed females alone had significantly depressed weight gain (p < 0.01), a 20% fatality rate, and 
significantly depressed neonatal survival (p < 0.001) rate. 

In a recent study, the consumption of water containing 0.45% TCE (4500 ppm) by female 
(Simonsen albino) rats (n = 3) for 2 weeks was associated with a significant decrease 
(p < 0.005) in the fertilizability of their oocytes in vitro compared to oocytes from unexposed 
females (Berger and Homer, 2003). Other reproductive parameters (weight gain, final weight, 
percentage of females ovulating, number of oocytes recovered per ovulating female, percentage 
of oocytes remaining after removal of zona pellucida) did not differ between exposed and 
unexposed females. In addition, oocytes obtained from TCE exposed females had significantly 
(p < 0.05) reduced ability to bind sperm plasma merttbrane proteins compared with oocytes from 
unexposed females. These limited findings indicate TCE may alter the surface membrane of 
female oocytes. However, the results are based on three animals and it is uncertain whether the 
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reproductive effects observed in vitro would be associated with detectable effects on 
reproductive success in vivo. 

Several studies have investigated the reproductive effects of oral TCE exposure in male 
animals (see Table 3-12 for details). The major results are summarized below. 

Zenick et al. (1984) found one effect (a significant decrease in copulatory behavior) on 
reproductive measures in rats administered up to 1000 mg/kg/day TCE in corn oil gavage 
5 days/wk for 6 weeks, which Zenick et al. (1984) attributed to the CNS effects of TCE. 

Results observed in two-generation continuous breeding reproduction and fertility 
assessments in rats and mice are summarized in Table 3-12 and presented in detail in 
Table 3-13. In the rat study (NTP, 1986), pairs of Fisher 344 rats were fed diets containing 
microencapsulated TCE at 0, 75, 150, or 300 mg/kg/day. Female body weights were reduced 
significantly at all dose levels, and male body weights were reduced significantly at the highest 
dose. Relative liver and kidney weight were increased in the rats given the highest dose, but not 
reported at lower dose levels. Parental male and female rats given 150 and 300 mg/kg/day 
groups had 9% and 16% (both p < 0.05) fewer pups/litter, respectively, than did the control 
group. Thus, the NOEL and LOEL for impaired reproductive success are 75 and 150 mg/kg/day, 
respectively. However, matemal body weights were reduced in all dosed groups, thus, the 
lowest dose in the study (75 mg/kg/day) can be identified as the study LOEL for matemal 
toxicity in the Fo generation. 

In the Fi generation, several indicators of general toxicity were present at all dose levels 
(Table 3-13). Male and female pup growth to weaning and adult body weights were reduced at 
all dose levels. Relative liver weights in males were increased at all dose levels and were 
increased in females at the two highest dose levels. There were no reductions in two indices of 
reproductive success (fertility index or mean number of pups/litter) at any dose level. Absolute 
testes weights were significantly reduced at all dose levels, but the reductions were slight (6-8%) 
and were not dose-related. Abnormal sperm morphology was increased among males given 
75 mg/kg/day, but it was not increased at the two higher dose levels. For the Fi generation, the 
lowest dose (75 mg/kg/day) ofthe study can be identified as the LOEL for both general toxicity 
and toxicity to the male reproductive system. 

Observation in the Fo and Fi generations led the NTP (1986) to conclude ".. .that the 
observed effects of exposure to TCE were primarily due to generalized toxicity and not to a 
specific effect on the reproductive system." 

When pairs of Swiss CD-I mice were fed diets containing microencapsulated TCE at 
doses of 100, 300 or 700 mg/kg/day (NTP, 1985), matemal and reproductive effects were 
observed in the Fo generation at the highest dose level (Table 3-13). Relative liver weights were 
increased in parental male and females and there was a 4% reduction in their pup weights 
(adjusted for litter size). In addition, the parental males in the highest dose group showed 
reductions in absolute testes weight, prostate gland weight, and sperm motility. 

In the Fi generation, pup mortality was increased in the highest dosed group, as were 
relative liver and kidney weights. Indicators of reproductive toxicity were also found among 
animals in the highest dosed group. These included increased epididymis weights, decreased 
sperm motility, and increases in abnormal sperm morphology. No effect on fertility (fertility 
index, number of live pups/litter) was observed among mice ofthe Fo parental generation (all 
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dose levels) or among the Fi offspring generation at the highest dose level (only level tested). 
However, Chapin and Sloane (1997) noted that Swiss CD-I mice used in this study are among 
the most fertile mouse strains, which might make it difficult to detect impaired reproduction in 
CD-I mice. The use of this study in dose-response assessment, however, is seriously limited 
because many ofthe endpoints were only evaluated at the highest dose in the study 
(700 mg/kg/day). 

The ability of sperm from control and TCE treated male rats to fertilize oocytes in vitro 
was assessed and several characteristics of sperm were examined by DuTeaux et al. (2004a) 
(Table 3-12). Two different strains of male rats (Simonsen albino, Sprague-Dawley) were 
provided drinking water with 0%, 0.2% (2000 ppm) or 0.4% TCE (4000 ppm) for 14 days 
(n = 2-3 in each group). Doses associated with 0.2% and 0.4% TCE were estimated to be 
1.6-2.0 mg/kg/day and 3.4-3.7 mg/kg/day, respectively, in the report. However, subsequent 
independent review of these exposure estimates by NYS DOH staff indicated that estimated 
exposures probably averaged 141 and 266 mg/kg/day for the 0.2% and 0.4% treated rats, 
respectively. (The authors (Miller, 2005) ofthe paper agree). Sperm obtained from all TCE 
treated rats had a significantly reduced, dose-dependent ability to fertilize oocytes from untreated 
females in vitro (p < 0.05). Additionally, slight histopathological changes occurred in the 
efferent ductules ofthe epididyrnis, and increases in oxidized proteins and lipid peroxidation 
occurred in sperm of both groups of TCE treated rats at both exposure levels. There were no 
other treatment related effects on whole animal or sperm parameters (i.e., final body weight; 
epididymis/testis weight; testis/epididymis weight ratio; percentage niotile sperm; sperm 
concentration), except for body weight gain which was significantly decreased in treated rats. 

Results of several studies suggest that the reproductive system of male animals may be 
affected by oral exposures to TCE (Table 3-12). Evidence for an effect of TCE on the female 
reproductive system is weaker. There is only one positive study of three female rats (Berger and 
Horner, 2003). It reported that a 2-week drinking-water exposure to 400 mg/kg/day TCE was 
associated with a significant decrease in the fertilizability of oocytes in vitro by sperm from 
unexposed males. In contrast, Manson et al. (1984) reported no effects on female fertility in rats 
given up to 1000 mg/kg/day before mating and throughout mating to gestation day 21. However, 
these studies are not directly comparable because of differences in experimental design and the 
endpoint evaluated. 

, 3.4.3 Potential Air Criteria for TCE Based on Reproductive Effects 

Critical Studies. None ofthe human studies was identified as a critical study because 
none provided clear evidence of a link between inhalation exposure to TCE and adverse 
reproductive effects. In addition, their assessments of TCE exposures were inadequate to 
support their use in dose-response assessment. 

Animal studies suggest that inhalation exposures of TCE can cause changes in the 
reproductive system of male animals (Table 3-11). The studies identify the testes, epididymis, 
and spermatozoa as target(s) for TCE toxicity (Forkert et al., 2002; 2003; Kumar et al., 2000; 
2001a; Land et al., 1981; Xu et al., 2004). Individually, none of these inhalation studies are 
optimum as a basis for a|r criteria because they either involve only a single TCE exposure level 
(Forkert et al., 2002; Kumar et al., 2000; 2001a; Xu et al., 2004) and/or an incomplete 
assessment of reproductive endpoints (Land et al., 1981). However, Land et al. (1981) was the 
only study to identify a NOEL, and Kumar et al. (2000; 2001a) was the study with the longest 
exposure period (24 weeks) and lowest LOEL. Thus, these two studies were identified as critical 

. 5 2 

AR100424



inhalation studies for male reproductive effects. The critical endpoints were sperm morphology 
(Land et al., 1981) and several aspects of testes toxicity (Kumar et al., 2000, 2001a). 

Oral doses of TCE also damage the reproductive system of male animals (Table 3-12). 
Two studies in rats were identified as critical studies. The study by DuTeaux et al. (2004a) was 
selected primarily because it had two TCE dosed groups and the exposure duration was 14 days, 
which is the period of time required for a synchronous population of developing sperm cells to 
reach maturity (Thomas and Thomas, 2001). The critical endpoint was a dose-related reduced 
ability of sperm from exposed rats to fertilize (in vitro) oocytes from untreated female rats, 
which can be considered a functional measurement of spermatotoxicity. 

The NTP (1986) continuous-breeding study in rats also was selected because it had a 
well-developed protocol, three TCE-dose groups, and it identified a NOEL and LOEL for a 
variety of endpoints. The critical endpoint was a reduction in an index of impaired reproductive 
success of mated pairs (i.e., reduced mean pups/litter). Data from the study also provides useful 
information on the relative sensitivities of parents and immature organisms to TCE exposures. 
The study in mice was not used in dose-resporise assessment because it did not adequately assess 
effects at the lower two doses in the study. 

MOA and Internal Dose Metric(s"). Several lines of evidence suggest that the non-
carcinogenic effects of TCE on the reproductive system of male rodents are dependent, in part, 
on the toxic metabolites generated by the oxidative pathway of TCE metabolism. 

Evidence suggests that TCE oxidative metabolites are associated with spermatotoxicity , 
and other forms of reproductive toxicity. Xu et al. (2004) reported that in vitro sperm-egg 
binding was significantly decreased when sperm were pretreated with CH or TCOH, but not with 
TCE. Toth et al. (1992) reported that male Long Evans rats given gavage DCA doses of 0, 31.2, 
62.5 or 125 mg/kg/day for 10 weeks showed significantly reduced preputial gland and 
epididymis weights at 31.2 mg/kg/day. They also found evidence of adverse effects on sperm 
function (morphology, counts, motility, and velocity) at 62.5 and 125 mg/kg/day. Moreover, 
fertility was significantly reduced at 125 mg/kg/day. Klinefelter et al. (1995) reported that F344 
rats given 188 mg/kg CH via their drinking water showed significant reductions in sperm 
motility. Linder et al. (1997) reported that Sprague-Dawley rats given single 
(1500 or 3000 mg/kg) or multiple (54 mg/kg/day or more) gavage doses of DCA had evidence of 
testicular toxicity (i.e., delayed spermiation, atypical residual bodies). In addifion, multiple 
doses of 160 mg/kg/day DCA or more caused with decreased sperm motility and epididymal 
sperm count and alterations in sperm morphology. 

Recent studies (see Section 2.3 for discussion) have shown that oxidative TCE 
metabolism occurs in rodent male reproductive tracts, and that CYP2E1 is localized in the 
epididymal epithelium and testicular Leydig cel|s of mice, monkeys and humans (DuTeaux et al., 
2003; Forkert et al., 2002; 2003). Seminal fluid of infertile men with likely exposure to TCE 
(mechanics who used TCE for cleaning and degreasing) contained TCE and its oxidative 
metabolites, CHL and TCOH, consistent with the occurrence of oxidative metabolism in the 
male reproductive system (Forkert et al., 2003). 

Forkert et al. (2002; 2003) demonstrated that the epididymis (a gland important to sperm 
maturation, mobility, and storage) could actively metabolize TCE to TCA. Consistent with these 
reports, Lash (2004) noted that CYP2E1 in mice was expressed to a greater extent in epididymis 
than in the testes. Lash (2004) also reported that TCE was metabolized to CHL at 3-fold higher 
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rates in mouse epididymis compared to testes microsomes. DuTeaux et al. (2003) showed that 
CYP2E1 is present in the efferent ducts of rats, and that dichloroacetyl protein adducts are 
formed in epididymal and efferent duct microsomes exposed in vitro to TCE. Such protein 
adducts can lead to organ toxicity (Gregus and Klaasen, 2001). 

The toxicity and pharmacokinetic data specific to the male reproductive system suggest 
that TCE metabolites, rather than TCE itself, are the likely agents for male reproductive toxicity. 
Moreover, TCE pharmacokinetic data indicate that inhaled TCE is rapidly metabolized to TCA, 
has a relatively long half-life within the body (see Section 2.0), and is likely distributed to the 
testes given their ample blood supply (Clegg et al., 2001).. Consequently, the recommended 
intemal dose metric for use in cross-species and low-dose extrapolations for male reproductive 
toxicity is the production of TCA (peak TCA as mg/L or AUC TCA as mg-hour/L). Further, 
given recent evidence that the fraction of TCA bound to plasma proteins may be as much as 
2-A times higher in humans than in rats or mice, respectively (Lumpkin et al., 2003), the free 
fraction TCA is the recommended TCA metric rather than total TCA, which has been used in the 
past. 

One uncertainty associated with using TCA as the recommended intemal dose metric is 
the inability to describe site-specific production of TCA because available PBPK models are 
insufficient to quantitatively estimate the generation of oxidative metabolites in testes and/or 
epididymis. The relative contribution of site-specific TCA production compared to hepatic TCA 
production to testes TCA levels (or some short-lived metabolite of TCA) is unknown. If site-
specific metabolism is relatively minor compared to the hepatic metabolism (the likely situation), 
then blood TCA is a reasonable surrogate for the level of TCA in the testes. If however, the 
site-specific metabolism is large compared to hepatic metabolism (the unlikely situation), then 
blood TCE may be a better surrogate for testes TCA levels than blood TCA. This is because 
testicular TCA levels might be more dependent on the TCE levels in the blood entering the testes 
than on the TCA levels in the blood entering the testes. 

Given these uncertainties, TCE levels (peak TCE as mg/L or AUC TCA as mg-hour/L) 
are also used as intemal dose metrics for cross-species and low-dose extrapolations. For all 
intemal dose metrics, both peak and AUC dose metrics were considered as it is uncertain 
whether sperm or other components ofthe male reproductive system are damaged by peak 
exposures and/or cumulative exposures over time. 

Derivation of Potential Air Criteria. Potential air criteria based on the inhalation study of 
Land et al. (1981) are derived in Table 3-14a. All were based on dose-response data for changes 
in the percentages of abnormal sperm (group means and standard deviations) with changes in 
TCE air concentration (see Table 3-14a for data). Two points-of-departure (NOEL or BMDLio) 
expressed in six dose metrics (experimental TCE air concentration, adjusted TCE air 
concentration, peak TCE (mg/L), AUC TCE (mg-hour/L), peak TCA (mg/L), AUC TCA 
(mg-hour/L)) were used. 

In all cases, the total uncertainty factor applied to each point-of-departure was 300. An 
interspecies uncertainty factor of 3 is used to account for interspecies differences in the 
pharmacodynamic response of humans and animals to TCE. As discussed earlier (see Section 
3.0 Low-Dose and Cross-Species Extrapolation Procedures), a dosimetric adjustment factor of 1 
(when the dose metric is TCE air concentration) or PBPK modeling (when the dose metric is an 
intemal dose) is used to account for the pharmacokinetic component ofthe interspecies 
uncertainty factor. 
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An intraspecies uncertainty factor of |0 is used to account for variation in sensitivity 
among members ofthe human population. Although a larger factor may be suggested by in vitro 
pharmacokinetic data on interhuman variation in CYP2E1 activity (Pastino, 2000), the 
importance role of these differences in human variation in sensitivity is not fully understood 
(Barton et al., 1996; Pastino, 2000). Moreover, the potential role of other intrinsic human factors 
(genetic, disease states, gender) on the pharmacokinetics and toxicity of TCE has not been 
adequately described by TCE-specific data (Pastino, 2000). Thus, data are insufficient to deviate 
from a default 10-fold uncertainty for intraspecies (human) variation. 

In addition, an uncertainty factor of 10 is used to account for the uncertainty associated 
with identifying a NOEL for spermatoxicity when the spermatogenesis cycle lasts 26-35 days in 
mice (Ecobichon, 1995), but the mice were only exposed to TCE air for 4 hrs/day for 5 days. 

Potential air criteria based on the inhalation study of Kumar et al. (2000; 2001a) are 
derived in Table 3-14b. All criteria were based on a constellafion of testicular effects (organ 
weight, sperm count and motility, qualitative evidence of histological changes). Only one point-
of-departure (LOEL) is used because the study had only one: exposure level. However, the 
LOEL was expressed in six dose metrics: experimental TCE air concentration, adjusted TCE air 
concentration, peak TCE (mg/L), AUC TCE (mg-hour/L), peak TCA (mg/L), and AUC TCA 
(mg-hour/L). 

In all cases, the total uncertainty factor applied to each point-of-departure was 1000. A 
default uncertainty factor of 10 is used to account for the use of an effect level, rather than a 
NOEL, as the point-of-departure. An interspecies uncertainty factor of 3 is used to account for 
differences in the pharmacodynamic response of humans and animals to TCE. A dosimetric 
adjustment factor of 1 (when the dose metric is TCE air concentration) or PBPK modeling (when 
the dose metric is an internal dose) is used to account for the pharmacokinetic component ofthe 
interspecies uncertainty factor. 

As with the Land et al. (1981) study, an intraspecies uncertainty factor of 10 is used to 
account for variation in sensitivity among members ofthe human population. Although a larger 
factor may be suggested by in vitro pharmacokinetic data on interhuman variation in CYP2E1 
activity (Pastino, 2000), the importance role of these differences in human variation in sensitivity 
is not fully understood (Barton et al., 1996; Pastino, 2000). Moreover, the potential role of other 
intrinsic hiiman factors (genetic, disease states, gender) on the pharmacokinetics and toxicity of 
TCE has not been adequately described by TCE-specific data (Pastino, 2000). Thus, data are 
insufficient to deviate from a default 10-fold uncertainty for intraspecies (human) variation. 

In addition, an uncertainty factor of 3 is used to account for use of a less-than-chronic 
study (24-week study) in the derivation of criteria for chronic exposure. The use of this 
uncertainty factor is indicated by evidence from Kumar et al. (2000; 2001a) that showed certain 
testicular effects (e.g., organ weight and histological changes) were greater after 24 weeks of 
exposure than after 12 weeks of exposure. 

Potential air criteria based on the drinking-water study of DuTeaux et al. (2004a) are 
derived in Table 3-14c. All criteria were based on the decreased ability of sperm from exposed 
male rats to fertilize (in vitro) oocytes from unexposed female rats. Only one point-of-departure 
(LOEL) is used because the dose-response data were insufficient for determination of BMDL 
(data on percentage of eggs fertilized were presented graphically only and measures of 
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variability were not provided). The oral LOEL was converted to an equivalent TCE air 
concentration using a standard approach (see Table 3-14c for method) and the oral doses were 
converted to each of four metrics of internal dose (peak TCE (mg/L), AUC TCE (mg-hour/L), 
peak TCA (mg/L), AUC TCA (mg-hour/L)) using the PBPK model. 

In all cases, the total uncertainty factor applied to each point-of-departure was 300. An 
uncertainty factor of 3 was used to account for the use of a LOEL rather than a NOEL. An 
uncertainty factor of 10 was not used because the effect was an in vitro effect that occurred in the 
absence of/« v/vo treatment-related changes in combined testes/epididymides weight, sperm 
indices or clear pathological lesions. 

An interspecies uncertainty factor of 3 is used to account for differences in the 
pharmacodynamic response of humans and animals to TCE. A dosimetric adjustment factor of 1 
(when the dose metric is TCE air concentration) or PBPK modeling (when the dose metric is an 
intemal dose) is used to account for the pharmacokinetic component ofthe interspecies 
uncertainty factor. As with the Land et al. (1981) study, an intraspecies uncertainty factor of 10 
is used to account for variation in sensitivity among members ofthe human population. An 
uncertainty factor of 3 is used to account for the uncertainty associated with identifying a LOEL 
for spermatoxicity when the spermatogenesis cycle in rats takes 48-53 days (Ecobichon, 1995) 
and the rats were consuming water containing TCE for 14 days. 

Potential air criteria based on the dietary study of NTP (1986) are derived in 
Table 3-14d. Numerous general and reproductive effects were observed in the study. However, 
all potential criteria were based on dose-response data for changes in the mean number of 
pups/litter (group means and standard deviations) with changes in TCE dietary doses (see Table 
3-14d for data). This endpoint was selected for three reasons: (1) it showed a dose-related 
decrease, (2) it is reproductive endpoint rather than a general toxicity endpoint, and (3) it 
represents evidence of impaired reproduction rather than the potential for impaired reproduction. 
Two points-of-departure (NOEL or BMDLio) expressed in six dose metrics (experimental TCE 
air concentration, adjusted TCE air concentration, peak TCE (mg/L), AUC TCE (mg-hour/L), 
peak TCA (mg/L), AUC TCA (mg-hour/L)) were used. Each oral point-of-departure \yas 
converted to an equivalent TCE air concentration using a standard approach (see Table 3-14d for 
method) and to each of four metrics of intemal dose (peak TCE (mg/L), AUC TCE (mg-hour/L), 
peak TCA (mg/L), AUC TCA (mg-hour/L)) using the PBPK model. 

In all cases, the total uncertainty factor applied to each point-of-departure was 30. This is 
consistent with the use of a NOEL from an animal reproduction study to derive a RfC based on 
reproductive effects (US EPA, 2002a). An interspecies uncertainty factor of 3 is used to account 
for differences in the pharmacodynamic response of humans and animals to TCE. As discussed 
earlier, the pharmacokinetic component is accounted for using a dosimetric adjustment factor of 
1 (when the dose metric is TCE air concentration) or by using PBPK modeling (when the dose 
metric is an internal dose). As with the Land et al. (1981), an intraspecies uncertainty factor of 
10 is used to account for variafion in sensitivity among members ofthe human population. 

3.4.4 Selection of Recommended Criteria 

Human studies provide suggestive evidence that TCE may cause reproductive effects in 
men and women (Tables 3-9 and 3-10), but the studies are inadequate for use in exposure-
response assessment. Animal studies consistently show that ingested and inhaled TCE can alter 
or damage the male reproductive system. 
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Similar types of toxicity were observed in testes, epididymis, and sperm of both mice and 
rats following both inhalation and oral exposures (Tables 3-11 and 3-12). Effect levels 
identified in Oral or inhalation studies of rats are similar when expressed in a common dose 
metric (i.e., AUC TCA) (Table 3-15). Oral and inhalation effect levels (AUC TCA) in mice are 
also similar (Table 3-15). Differences appear greater when the dose metric is TCE AUC (Table 
3-15). In addition to effects on male reproductive organs and structural/functional aspects of 
sperm, TCE exposures is also associated with indices of a reduced ability to fertilize eggs. These 
indices included reduced ability to fertilize eggs of unexposed females in vivo (Table 3-11) and 
in vitro (Table 3-12). In the only available study reporting an effect of TCE exposure on an in 
vivo measure of fertility (mean number of live pups/litter), parental pairs (males and females) 
exposed to dietary doses of 150 or 300 mg/kg/day TCE, but not to 75 mg/kg/day, had 
significantly decreased numbers of mean pups/litter (NTP, 1986). Collectively, these data 
provide some evidence that male reproductive toxicity associated with TCE may have adverse 
reproductive consequences in vivo. „ 

Although the weight-of-evidence suggests that rodent male reproductive toxicity is 
associated with TCE exposure, it is uncertain whether the outcomes ofthe critical studies 
identified above would occur in humans, and if so, under what exposure conditions. However, 
the US EPA (1996) guidelines of reproductive toxicity risk assessment recommends that "An 
agent that produces an adverse reproductive effect in experimental animals is assumed to pose a 
potential threat to humans." Moreover, humans are considered "less robust" than any rodent 
strain used in reproductive toxicity testing due to the smaller difference between numbers of 
viable sperm normally present in ejaculate and the optimum number ideal for fertilization 
(Chapin and Sloane, 1997; Clegg et al., 2001). This means that a quantitatively smaller adverse 
effect on sperm would be more likely to have adverse reproductive consequences in humans than 
in rodents. 

Potential criteria are divided into those based on the default approach (using TCE air ' 
concentrations as the dose metric) and those based on intemal dose metrics. Those based on the 
intemal dose metrics are given greater weight than those based on TCE air concentration. This is 
consistent with US EPA guidelines (US EPA, 1994) that recommends the use of internal dose 
estimates for low-dose and cross-species extrapolations when validated PBPK models are 
available and when there is consensus on the identity ofthe proximate toxicants that are either 
responsible for TCE-induced toxicity or are reasonable surrogates for the toxicants responsible 
for the observed toxicity of TCE. 

Potential criteria are divided into those based on an experimental exposure/dose 
(i.e., NOEL, LOEL, or effect level) and those based on a calculated exposure/dose (i.e., BMDL). 
When both experimental and calculated exposures/doses were used as a point-of-departure, 
greater weight was given to potential criteria derived using a BMDL. This is consistent with US 
EPA guidelines (US EPA, 2002a) and reflects the greater inherent limitations ofthe 
NOEL/LOEL approach. 

Final, potential criteria are based on inhalation and oral studies. Inhalation studies are 
typically preferred over oral studies as a basis for potential air criteria because their use 
eliminates the uncertainties associated with extrapolating from oral to inhalation exposures. 
Thus, potential criteria based on the two inhalation studies (Kumar et al., 2000; 2001a; 
Land et al., 1981) are given greater weight than those based on oral studies (DuTeaux et al., 
2004a; NTP, 1986). 
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Typically, potential criteria based on studies with at least two exposure levels (e.g.. Land 
et al., 1981) would be given greater weight that those criteria based on studies with a single 
exposure level (e.g., Kumar et al., 2000; 2001a). Another strength ofthe Land et al. (1981) study 
was the identification of a NOEL and LOEL, although the LOEL was the highest exposure level 
tested. However, the study is essentially an acute study with a very short daily exposure 
(4 hours), exposure duration (5 days), and a relatively high exposure level (10,748 mg/m''). It 
also assessed only one endpoint (percentage of sperm with abnormal morphology). Thus, the 
results of Land et al. (1981) alone are insufficient as a basis for an air criterion based on male 
reproductive effects. The second critical inhalation study (Kumar et al., 2000; 2001a) addressed 
the weaknesses of Land et al. (1981). It used a long exposure duration (24 weeks) and assessed a 
variety of reproductive endpoints. However, it also is insufficient as a basis for an air criterion 
based on male reproductive effects because the use of only one TCE exposure level raises 
concern about the location ofthe NOEL for the observed effects. Consequently, potential 
criteria from both studies are given similar weight in the derivation of a TCE criterion based on 
male reproductive effects. 

Male reproductive effects are observed in animals exposed to oral doses of TCE 
(DuTeaux et al., 2004a; NTP, 1986) and provide important supplemental information on the 
male reproductive toxicity of TCE. For example, the NTP (1986) dietary study was the only oral 
or inhalation study that identified both a NOEL and LOEL for an index of reproductive success 
(reduced mean pups/litter). Potential criteria based on oral studies (DuTeaux et al., 2004a; NTP, 
1986) are used to support criteria based on inhalation studies because of concerns that PBPK 
models may not adequately describe route-specific differences in pharmacokinetic and toxicity. 

The range of potential criteria (8-5100 mcg/m^) derived from the results ofthe four 
critical studies (two inhalation and two oral) is large (Table 3-16). However, the range of 
potential criteria becomes smaller when criteria are based on the same dose metric and point-of-
departure type (i.e., NOEL/LOEL or BMDLio based on AUC TCA). 

Study 

Potential Criteria (mcg/m^) and Basis 
Point-of-departure 

Effect Level or 
NOEL/LOEL 

[AUC TCA, free)* 

BMDLio 

Inhalation Studies 
Land etal. (1981) 
Kumar et al. 
(2001;2001a)** 

350 (NOEL) 

20 (effect level) 

32 

not done 

Oral Studies 
DuTeaux et al. (2004a) 
NTP (1986) 

110 (LOEL) 
420 (NOEL) 

not done 
110 

* All data from Table 3-16. 
**Single exposure level. 

Recommended criteria were selected from the potential criteria based on consideration of 
general guidelines for non-cancer risk assessment and the collective toxicologic and 
pharmacokinetic data on the male reproductive toxicity of TCE (discussed above). 
Recommended criteria (see table below) are based on two critical inhalation studies (Land et al., 
1981; Kumar et al., 2000; 2001a), internal dose metrics for TCE or TCA, and either a BMDLio 
or effect level (if a BMDLio is unavailable). 
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Study quality issues (both strengths and weaknesses, discussed above) do not provide 
compelling evidence to base a criterion for male reproductive effects solely on the recommended 
criteria from either critical inhalation study. Toxicologic and pharmacologic data suggest that 
TCA is a more reliable internal dose metric for male reproductive effects than is TCE. Thus, 
criteria based on internal doses expressed as TCA are given greater weight than criteria based on 
TCE. They also happen to be lower than those based on TCE dose metrics. 

Data are insufficient to determine confidently whether AUC TCA or peak TCA is the 
most reliable dose metric for exposure-response assessment. Given this uncertainty, the lowest 
recommended ci-iterion based on TCA dose metrics (i.e., AUC TCA) from each critical study: 
32 mcg/m^ from Land et al. (1981) and 20 mcg/m^ from Kumar et al. (2000; 2001a) (see shaded 
cells in table below) are the basis for the recommended criterion based on male reproductive 
effects. 

Study 

Land etal. (1981) 
Kumar et al. 
(2000,2001a)** 

Recommended Potential Criteria (mcg/m^) and Basis (from Table 3-16) 
TCE 

1 
Effect 
Level 

nr 

5100 

'eak 

BMDLio 

2000 

not done 

AUC 
Effect 
Level 

nr 

900 

BMDLio 

320 

not done 

TCA* 

Effect 
Level 

nr 

36 

'eak 

BMDLio 

. 64 

not done 

AUC 
Effect 
Level 

nr 

.r 20" 

BMDLio 

•wmm 
not 

done 
* Estimate based on free fraction of TCA. 
** Single exposure level study, so point-of-departure is an effect level, 
nr Criteria not recommended because BMDLio is the recommended point-of-departure. 
Shaded cells identified recommended criterion from each study for use in derivation of a 

criterion based on the male reproductive effects of TCE. 

Given the uncertainties in a preferred critical study or dose metric (AUC Or peak TCA), a 
criterion of 20 mcg/m^ is considered protective ofthe male reproductive effects of inhaled TCE. 
It is recommended for use in the derivation of a TCE air criterion based on the non-carcinogenic 
effects of TCE (see Section 3.6). In addhion, the recommended criterion is lower than all the 
potential criteria (Table 3-16) derived from each ofthe two critical oral studies (DuTeaux et al., 
2004; NTP, 1986), including the two study-specific criteria (110 mcg/m'') given the greatest 
weight because of toxicologic and pharmacologic considerations (i.e., those based on AUC TCA, 
free). Thus, the recommended air criterion would appear to be protective of the developmental 
effects of ingested TCE. 

3.5 Developmental Effects 

3.5.1 Human Studies 

Inhalation 

Reports suggesting significant associations between occupational inhalation TCE 
exposures and developmental effects were not found. In one case-referent study (n = 25 cases; 
n = 96 referents), an increased risk for congenital anomalies was not found among offspring of 
men with occupational exposure to organic solvents (OR = 0.6, 95% CI = 0.2-2.0) 
(Taskinen et al., 1989). Organic solvent exposure was defined primarily from job descriptions, 
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supported in some cases by biomonitoring, and occurred in 72% of cases and 73% of referents. 
No specific analyses were reported for men exposed only to TCE. -

Yauck et al. (2004) recently reported that the risk of congenital heart defects was about 
3-fold greater among older mothers (> 38 years old) residing within 1.3 miles of a TCE emitting 
facility (exposed) (OR = 6.2, 95% CI = 2.6-14.5) than among other older mothers not residing 
within 1.3 miles of such a facility (non-exposed) (OR = 1.9, 95% CI = 1.1-3.5). The types of 
heart defects reported and risk factors found for congenital heart defects are summarized in 
Tables 2 and 4 from Yauck et al. (2004). This study was a case-control study in which 245 cases 
(offspring with congenital heart defects) and 3780 controls were identified from children bom 
between January 1, 1997 and December 31, 1999 to mothers residing in Milwaukee, Wisconsin 
at the time of delivery. Cases were ascertained from medical records based on echocardiography 
reports, surgical findings, and autopsy reports. Twenty-one TCE emitting sites were identified 
from Wisconsin Department of Natural Resources and US EPA databases to include facilities 
reporting TCE emissions between 1996 and 1999 and located in Milwaukee. Quantitative 
measures of possible TCE exposures were not attempted. 

Factors contributing uncertainty to the significance ofthe reported increased risk reported 
by Yauck et al. (2004) include the use of an a posteriori method ("classification tree" statistical 
approach) to define the cut-off points for TCE exposure (residence within 1.3 miles of a TCE 
emitting facility) and older age (> 38 years old). This approach is considered most appropriate 
for developing hypotheses rather than drawing strong conclusions. Other limitations include 
possible exposure misclassification and the small numbers of older women with children with 
congenital heart defects (n = 8). Additionally, the combining of all congenital heart defects as 
though they were homogeneous and had similar etiologies has been identified as a possible 
contributor to a spurious association between TCE exposure and congenital heart defects (Scialli 
and Gibb, 2005). In response to this suggestion, Yauck and McCarver (2005) restricted analyses 
to only those cases with atrial septal defects, ventriculoseptal defects, and atrioventricular canals 
(all conditions characterized with a similar etiology: extracellular matrix defects). They found 
TCE exposure and older age were still associated with a greater increased OR for congenital 
heart defects (OR = 7.1, 95% CI = 2.7-18.7) than older age alone (OR = 2.1, 95% CI = 1.1-4.1). 

Given the lack of specific TCE exposure information, the a posteriori nature of risk 
factor (matemal age) and exposure (distance from TCE emitting facility) classification, and the 
small number of cases associated with older age mothers, this study does not provide sufficient 
evidence to demonstrate convincingly a link between TCE exposure and adverse developmental 
outcome in humans. However, because ofthe severity ofthe developmental endpoint observed 
in this study and its possible association with inhalation TCE exposure, human studies 
investigating oral TCE exposure and adverse developmental outcomes were reviewed as well. 

Oral 

An increased prevalence of congenital heart disease (CHD) in children (determined by 
pediatric cardiologic evaluation and excluding children with recognized syndromes associated 
with cardiac anomalies (e.g.. Downs Syndrome)) was associated with exposure of either parent 
during the first trimester of pregnancy to water believed to be contaminated with TCE (Goldberg 
et al., 1990). In this study, an area of Tucson, Arizona provided with water from nine public 
wells contaminated with TCE (6-239 mcg/L), dichloroethylene (5-10% of TCE levels), and 
chromium (level not specified) was identified as a TCE contaminated water area (CWA). TCE 
contamination was estimated to have been present in the CNVA from the 1950s until 1981 when 
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the contaminated wells were closed. Specific information verifying that residences in the CWA 
were supplied by contaminated wells was not provided, however, all residences were all within 
the CWA. No individual consumption or exposure information was provided. Study cases were 
children (n = 707) with CHD identified throughout the entire Tucson Valley between 1969 and 
1987. Exposure was defined as parental residence in the CWA for at least 1 month before and 
during the first trimester, which is when cardiac development begins. Two-hundred forty-six 
families of children with CHD met this criterion. The remaining 461 families of children with 
CHD had not resided in the CWA and comprised a case comparison group. 

Residence in the CWA during the first trimester of pregnancy was associated with a 
statistically significantly increased prevalence of CHD (6.8 per lOOO live births) compared to 
residence elsewhere in the Tucson Valley (2.64 per 1000 live births) (p < 0.001). The most 
commonly occurring defects among cases were noted as being ventricular septal defects (39%), 
pulmonary valve stenosis (11%), atrial septal defects (7%), and aortic valve stenosis (6%). 
Using information from Goldberg et al. (1990), Bove et al. (2002) calculated a prevalence ratio 
for cardiac defects among residents with first trimester CWA exposure before well closure 
(i.e., between 1969-1981) compared to residents with no CWA exposure over the same time 
period to be 2.6 (95% CI = 2.0-3.4). Limitations associated with this study are that the level and 
duration of possible TCE exposures are highly uncertain (i.e. exposure misclassification) and/or 
that not all instances of CHD among either cases or controls were identified. 

Another study of birth outcomes in a population of Tucson, Arizona potentially exposed 
to TCE via drinking water used information on birth-weight outcomes available through the 
state's birth certificate database (Rodenbeck et al., 2000). A TCE exposed population of births 
was estimated using a geographical information system approach to define census tracts provided 
with TCE contaminated drinking water (< 5-107 mcg/L) during the 1978-1981 period 
(n = 1099 babies). Babies born in Tucson, Arizona census tracts with similar demographics but 
no exposure to TCE contaminated drinking water were used for comparison (n = 877 babies). In 
addition, comparisons were made between the 1978-1981 period and the 1983-1985 period 
when TCE exposure no longer occurred within the targeted area. Weak associations were 
observed between very low birth weight and residence in the targeted area for exposure 
(1978-1981) (OR = 3.3, 95% CI = 0.5-20.6) and post-exposure (1983-1985) (OR = 1.7, 
95% CI = 0.4-6.8) periods, but neither association was statistically significant. 

Bove et al. (1995) evaluated all live births (n = 80,938) and fetal deaths (n = 594) to 
residents of 75 towns in New Jersey during 1985-1988 possibly exposed to solvents in drinking 
water (Bove et al., 1995). Exposures were based on monthly estimates of specified chlorinated 
solvent and trihalomethane levels in tap water available from 49 water companies serving the 
towns included in the study. Outcomes evaluated were birth weight and CNS, neural tube, oral 
cleft, major cardiac, or all surveillance birth defects. The authors reported weak associations 
between TCE levels > 10 mcg/L and low birth weight (OR = 1.2, 50% CI = 1.1-1.4), CNS 
defects (OR = 1.7, 50% CI = 1.1-2.4), and neural tube defects (OR = 2.5, 50% CI = 1.5^.0). 
However, sample sizes were very small (n = 4-6 cases with TCE exposure) and the authors note 
that monotonic trends with exposure were not evident. Weak associations were reported 
between TCE levels > 5 mcg/L and the occurrence of oral cleft defects that showed a monotonic 
trend (OR = 2.24, 50% CI = 1.6-3.0), but again the number of cases with TCE exposure was 
small (n = 9). 

The Massachusetts Department of Public Health (MDPH) conducted a study of women in 
Wobum, Massachusetts exposed to up to 267 parts per billion (ppb) (mcg/L) TCE and smaller 

61 

AR100433



amounts of tetrachloroethene (up to 21 ppb (mcg/L)) via their drinking water during 1969-1988 
(MDPH 1996; 1998). The Woburn Environment and Birth Study (WEBS) consisted of two 
different types of studies: a 20 year (1969-1988) retrospective cohort study (n = 10,383) to 
evaluate birth outcomes relative to several referent populations and relative to exposure to 
contaminated water; and a 27 month (1989-1991) prospective surveillance study (n = 1227) to 
evaluate birth outcomes relative to referent populations. Outcomes evaluated included low and 
very low birth weight, mean birth weight, pre-term delivery, small-for-gestational age (SGA), 
fetal or infant health, and live-birth sex ratio between 1969 and 1991. Outcomes also included 
birth defects occurring between 1975 and 1984 and between 1989 and 1991. Data for outcomes 
other than birth defects were obtained from Massachusetts's vital records. Information for birth 
defects was obtained from hospital records. Matemal exposure to contaminated water was based 
on estimates ofthe proportion of contaminated water that reached each birth residence location 
during pregnancy. For birth outcomes other than birth defects, referent populations included all 
births in the 12 communities surrounding Woburn (n > 97,000) and in the Commonwealth of 
Massachusetts as a whole, excluding Boston (n > 1.5 x 10*). For birth defects, referent 
populations were the Metropolitan Atlanta Congenital Defects Program and the California Birth 
Defects Monitoring Program registries for the 1974-1984 period, as well as the 12 communifies 
surrounding Woburn for the 1989-1991 period. 

MDPH noted no clear differences in the prevalence of most outcomes for Wobum births 
compared to referent populations. The rate of stillbirths (for males only) was significantly higher 
in Woburn when compared to rates in the 12 communities surrounding Wobum in the 
1989-1991 period, but not when compared to other referent populafions. Birth defects rates for 
Wobum residents did not differ from rates for the 12 surrounding communities, but were higher 
for some birth defects compared to rates from the Atlanta and California-based registries. 
MDPH attributed this observation to the more intensive case identification pursued for Woburn 
residents, and concluded that the more appropriate comparison was with the 12 surrounding 
communities. 

When considering exposure to contaminated water, a trend for a higher prevalence of 
SGA births and fetal deaths was observed for births classified as exposed to water from specific 
contaminated wells compared to births classified as unexposed to contaminated water, but 
differences were not statistically significant. MDPH noted that for birth defects, the rates of two 
types of defects (choanal atresia, hypospadias) were higher among exposed births than among 
unexposed births. However, a comparison of rates for these or other defects before and after the 
contaminated wells were closed, found no differences. MDPH noted that differences in 
incidence of defects between the study population and referent populations in this study were 
possibly due to the more intensive case identification pursued for Wobum residents, and that the 
number of birth defects were too small to make meaningful comparisons. 

Considered together, these human studies provide limited evidence that exposure to TCE 
in drinking water may be related to adverse birth outcomes. The limited or poor exposure 
information, the small numbers of birth defects reported by Bove et al. (1995) and the WEBS 
(MDPH, 1996), inconsistencies in findings among studies (e.g., associafion between TCE 
exposure and birth defects observed in Arizona (Goldberg et al., 1990) but not in Massachusetts 
(MDPH, 1998)) are limitations associated with these studies. 
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3.5.2 Animal Studies 

Inhalation Studies 

Several studies have observed developmental effects in animals after TCE inhalation. 
Studies details and toxicity endpoints measured but not affected by TCE exposure are found in 
Table 3-17. Here, the positive results are summarized. 

Dorfmueller et al. (1979) observed developmental effects (increased skeletal and soft 
tissue anomalies compared to unexposed controls) in fetuses of Long-Evans rats exposed to 
1800 ppm (9674 mg/m )̂ TCE, 6 hrs/day on gestation days 1 through 20 (p < 0.05). These 
effects were not observed when rats were exposed to 1800 ppm (9674 mg/m'') TCE 2 weeks 
before mating or 2 weeks before mating and throughout gestation. 

Healy et al. (1982) observed significantly more whole litter resorptions in Wistar rats 
(n = 32) exposed to 100 ppm (537 mg/m )̂ TCE 4 hrs/day on gestation days 8-21 than in 
unexposed rats (n = 31) (p < 0.05). Exposed fetuses also had decreased fetal body weight 
(p < 0.05) and an increased frequency of skeletal anomalies (p = 0.003) compared to unexposed 
fetuses. However, the authors reported that two exposed rats died due to a TCE overdose after 
the air supply malfunctioned. This raises concerns about the potential influence of 
methodological problems (excess exposure concentrations) on the study results. 

A high rate of mortality (36%) and retarded growth (statisfics not provided) were 
observed in seven litters (39 pups) of Mongolian gerbils exposed continuously to 230 ppm 
(1236 mg/m )̂ TCE on postnatal days 0 through 28 when compared to gerbils exposed for shorter 
durations (Kjellstrand et al., 1982). 

Schwetz et al. (1975) did not observe any developmental effects in Sprague-Dawley rats 
(despite slightly decreased matemal weight gain) or Swiss Webster mice exposed to 300 ppm 
(1612 mg/m'') TCE 7 hrs/day, on gestation days 6-15. In contrast to the findings of Healy et al. 
(1982), no mice or rat litters were totally resorbed in the studies reported by Schwetz et al. 
(1975). Hardin et al. (1981) did not observe any developmental effects in about 30 (specific 
number not provided) Wistar or Sprague-Dawley rats (specific strain tested not specified) 
exposed to 500 ppm (2687 mg/m'') TCE 6-7 hrs/day on gestation days 1 through 19. 

The only available inhalation study (Dow Chemical Company, 2001) using muhiple TCE 
exposure levels and conforming to current US EPA test guidelines for developmental toxicity 
(US EPA, 1998) was negative for developmental effects. Groups of 27 timed-pregnant Sprague-
Dawley derived CD® rats were exposed to 50, 150 or 600 ppm TCE (269, 806 or 3224 mgln?, 
respectively), 6 hrs/day on gestation days 6-20. The only observed effect on matemal health 
was a slight decrease in matemal weight gain on days 6-8 of gestation in rats exposed to 
600 ppm (3224 mg/m''). The only anomalies observed among exposed fetuses were one 
occurrence of liver hemorrhage and anophthalmia in the 600 ppm group, and one occurrence of 
severely dilated cerebral ventricles in the 150 ppm group. Whole litter resorptions did not occur 
in any group. The percent of litters with any resorption was 48% in both the 150 ppm 
(269 mg/m ) and 600 ppm (3224 mg/m )̂ exposed groups compared to 36% and 37% in the 
control and 50 ppm (269 mg/m )̂ exposed groups, respectively. This suggests possibly greater 
fetotoxicity in the 150 and 600 ppm exposed rats. However, these differences were not 
statistically significant. Additionally, Dow Chemical Company (2001) noted that all observed 
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resorption rates were within the historical control range of 24-70% for CD rats used in the 
testing laboratory. 

The Dow Chemical Co. (2001) study identifies a study NOEL of 600 ppm (3224 mg/m )̂ 
for developmental toxicity among rats exposed to TCE via inhalation 6 hrs/day on gestation days 
6-20. These findings are consistent with those of Schwetz et al. (1975) who did not observe 
developmental effects among rats ofthe same strain exposed to 1612 mg/m^ 7 hrs/day on 
gestation days 6-15. However, these findings are inconsistent with the earlier inhalation study of 
Healy et al. (1982), who observed significant fetotoxicity (increased whole litter resorptions) and 
reductions in fetal weight among rats of a different sfrain (Wistar) exposed to 100 ppm 
(537 mg/m'') TCE, 4 hrs/day on gestation days 8-21. 

Considered together, available inhalation studies do not provide strong evidence that 
inhaled TCE is a potent developmental toxicant in laboratory mice and rats. The lowest 
experimental exposure level at which developmental effects vyere observed was 100 ppm 
(537 mg/m^) (Healy et al., 1982). Other studies involving higher exposure levels of between 
1236 and 3224 mg/m'' did not observe developmental effects, although one study (Dorfmueller et 
al., 1979) reported effects at 9674 mg/m'' (see Table 3-17). Given this inconsistency, a review of 
the developmental effects of oral TCE exposure should provide information useful to an 
evaluation ofthe potential developmental effects of inhalation exposures. 

Oral Studies 

Several studies have investigated developmental effects associated with oral TCE 
exposure. Study details and toxicity endpoints measured but not affected by TCE exposure are 
found in Table 3-18. Here, the positive results are summarized. 

Manson et al. (1984) observed that rats given 1000 mg/kg/day TCE via corn-oil gavage 
3 weeks prior to gestation and throughout gestation exhibited decreased matemal weight gain 
and increased neonatal deaths compared to vehicle treated rats. Matemal or other effects were 
not observed in rats or offspring of rats given 10 or 100 mg/kg/day TCE. Cosby and Dukelow 
(1992) did not observe exposure-related developmental effects in mice given 24 or 240 
mg/kg/day TCE via corn-oil gavage on gestation days 1-5, 6-10 or 11-15. 

Developmental effects were observed in offspring of female Fisher 344 rats (8-21/group) 
treated with 0, 10, 32, 101, 320, 475, 633, 844, 1125 or 1500 mg/kg/day TCE via com oil gavage 
on gestation days 6-15 (Barton and Das, 1996; Narotsky and Kavlock, 1995; Narotsky et al., 
1995). Experiments at these doses, however, were performed at different times, and the data are 
not results of a single experiment. 

Collectively, the reports indicate that maternal toxicity (decreased weight gain) and 
reproductive/development toxicity (percentage of whole litter resorptions, and percentage of fetal 
loss/litter) were increased at doses of 475 mg/kg/day and higher (Tables 3-18 and 3-19). 
However, results of statistical analyses were not always reported and responses at lower doses 
(< 320 mg/kg/day) were not reported (Narotsky and Kavlock, 1995; Narotsky et al., 1995). 

An important developmental endpoint reported by both Narotsky and Kavlock (1995) and 
Narotsky et al. (1995) was the incidence of pups with eye defects (micro or anophthalmia). 
Narotsky and Kavlock (1995) stated pup examinations revealed increased incidences in pups 
with eye defects in TCE-exposed progeny. Since Narotsky and Kavlock (1995) only reported on 
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dams exposed to 1125 and 1500 mg/kg/day, their conclusion suggests eye defects were increased 
in both dosed groups. Narotsky et al. (1995) provided information on the incidence of pups with 
eye defects, including percentage data (pups with eye defect) for groups dosed with 1, 475, 633, 
844, and 1125 mg/kg/day. They reported a significant effect (p < 0.05, t-test) only at 
1125 mg/kg/day. 

In their analysis ofthe data. Barton and Das (1996) provided dose-response data 
(percentage of pups with eye defects) for all doses (see Table 3-19) and identified a NOEL 
(32 mg/kg/day) and LOEL (101 mg/kg/day) using a procedure to determine a no-statistical-
significance-of-trend dose (US EPA, 1995). Barton and Das (1996) identified 101 mg/kg/day as 
a LOEL even though the response rate (4.4%) was similar to the response rate at 320 mg/kg/day 
(3.6%), and response rates at both doses were not significantly different from controls (p > 0.05) 
when tested using the Fisher's exact test (Table 3-19). The lack of a response with a 3-fold 
increase in dose suggests that doses < 320 mg/kg/day are below the threshold for the induction of 
eye defects. Moreover, the unequivocal increase in response as dose increases from 475 
mg/kg/day (6%) to 1125 mg/kg/day (27%) strongly suggests the threshold for eye defects > 320 
mg/kg/day. Thus, the results ofthe experiments provide greater biological support for a 
NOEL/LOEL of 320/475 mg/kg/day rather than a NOEL/LOEL of 32/102 mg/kg/day. In either 
case, the analyses are weakened because they are based on fetal data (i.e., percentage of fetuses 
with eye defects) rather than litter data (e.g., percentage of litters with fetuses with eye defects), 
which is the preferred unit of analysis for developmental studies (US EPA, 1991). In fact. 
Barton and Das (1996) note that there were no litter effects. 

In utero and lactational exposure to TCE has been associated with developmental effects 
during the postnatal period (Table 3-18). Three effects were seen in the offspring of rats 
consuming drinking water containing TCE (312 mg/L, or about 37 mg/kg/day as estimated by 
ATSDR, 1997) before mating, during gestation, and throughout lactation. Observed effects 
included a significant decrease in the number of myelinated fibers in offspring at 21 days of age 
(Isaacson and Taylor, 1989); a significant decrease in glucose uptake in offspring at 21 days of 
age (Noland-Gerbec et al., 1986); and a significant increase in exploratory activity in offspring at 
60 days of age (Taylor et al., 1985). Some of these effects and other effects were observed at 
higher TCE concentrations (625 mg/L and 1250 mg/L). Observed effects included a significant 
decrease in myelinated fibers (625 mg/L); significant increases in exploratory behavior in 
60-day old rats (625 and 1250 mg/L); significant increases in exploratory behavior in 90-day 
rats (1250 mg/L only); and significant increases in locomotor acfivity in 60-day oldrats (1250 
mg/L only). 

Postnatal oral exposure to TCE alone has been associated with developmental effects 
during the postnatal period (Table 3-18). Frederiksson et al. (1993) dosed young mice with 50 
or 290 mg/kg/day TCE via peanut oil gavage on postnatal days 10-16 and assessed behavior 
(locomotion, rearing, and total activity) at 17 and 60 days of age. The doses did not sedate the 
mice or reduce body weight. The mice did not show any symptoms of toxicity during the 
treatment period. On postnatal day 60, mice at either dose level showed a significantly reduced 
(p < 0.01) rearing rate compared to controls. A dose-response relationship was not apparent. 

Developmental toxicity was also assessed in the NTP two-generation continuous 
breeding studies in rats (NTP, 1986) and mice (NTP, 1985) (also discussed in Section 3.4). Pairs 
of male and female Fisher 344 rats were fed diets containing microencapsulated TCE at 75, 150, 
or 300 mg/kg/day for 14 weeks, and allowed to mate and deliver about 3-4 litters. Only the final 
litter is allowed to reach weaning age. Postpartum maternal weights after each litter were 
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significantly decreased at all dose levels. Thus, the lowest adult dose (75 mg/kg/day) can be 
identified as the study LOEL for maternal effects. Both male and female offspring 
(Fi generation) in the final litters ofthe parental (Fo) generation showed significantly decreased 
21-day body weights at all dose levels (NTP, 1986). Thus, the lowest aduh dose also can be 
identified as the study LOEL for developmental effects. Pup doses at the lowest dose level are 
difficult to estimates since pups were exposed to TCE via matemal circulation during gestation, 
and via ingesfion of both milk and diet during the postnatal period. 

In the NTP (1985) study in mice, offspring of pairs of Swiss CD-I mice fed diets 
containing microencapsulated TCE at doses of 100, 300 and 700 mg/kg/day only showed one 
developmental effect: a small (4%) but significant reduction in pup weight at 700 mg/kg/day 
(NTP, 1985). However, maternal toxicity (increased liver weight) also was observed at 700 
mg/kg/day. The usefulness of this study is seriously limited because many ofthe systemic, 
developmental, and reproductive endpoints were only evaluated at the highest dose. 

Fetal Heart Defects in Rats 

Oral Studies 

In a series of articles (Tables 3-18, 3-20 and 3-21), a single group of investigators 
reported increased incidences of heart defects in the fetuses of rats given TCE-containing 
drinking water before pregnancy and during gestation or during gestation only (Dawson et al., 
1993; Johnson et al., 1998a; 2003). Dawson et al. (1993) used water concentrations of 0 
(concurrent control group), 1.5 ppm, and 1100 ppm T C E and both exposure regimens. Johnson 
et al. (2003) used water concentrations of 0 (historical control group), 2.5 ppb, and 250 ppb TCE 
and exposed rats only during gestation (Table 3-20). However, Johnson et al. (2003) also 
reported data from the two higher concentrations (1.5 and 1100 ppm) first reported in Dawson et 
al. (1993) (Table 3-20). 

Johnson et al. (2003) noted that animals were given fresh water daily and calculated TCE 
doses as 0, 0.00045, 0.048, 0.218, and 129 mg/kg/day at water concentrations of 0, 2.5 ppb, 250 
ppb, 1.5 ppm, and 1100 ppm, respectively, based on the average concentration of TCE in 
drinking water over a 24-hour period and the daily amount of water consumed by rats. 
Independent NYS DOH estimation ofthe daily TCE doses for the 1.5 and 1100 ppm TCE dosed 
groups based on average daily intake of TCE (mcg/L), initial body weight, and weight gain 
during pregnancy reported in Dawson et al. (1993) were 0.185 and 68.1 mg/kg/day, respectively 
Table 3-21). 

Heart defects were detected using a unique examination technique developed by these 
investigators, which was intended to provide a functional as well as gross anatomical assessment 
ofthe heart (Camey, 2003; Johnson, 2003). Variations of normal morphology similar to those 
found in humans were not classified as defects; and, all examinations were done without 
knowledge of exposure level (i.e., "blind"). Results were reported both on fetal basis (i.e., 
percentage of fetuses with heart defects) and on a litter basis (percentage of litters with at least 
one fetus with a heart defect). However, the litter is the preferred unit of analysis for 
developmental effects (US EPA, 1991). A significanfly increased percentage of fetuses with 
heart defects was first reported for rats exposed to 1100 ppm (p < 0.01) and 1.5 ppm (p = 0.01) 
before and during gestation and for groups exposed to 1100 ppm during gestation only (p < 0.01) 
by Dawson et al. (1993) (Table 3-20). The incidence of affected litters in any ofthe 
experimental groups was not reported in Dawson et al. (1993), but was later reported for the 
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groups exposed to 1.5 and 1100 ppm in Johnson et al. (2003). Affected litter incidence for the 
two groups exposed before and during gestation and for the concurrent control group reported in 
Dawson et al. (1993) was provided to NYS DOH by the study authors (Johnson, 2005). As 
summarized on Table 3-20, significantly more litters of rats exposed to 1100 ppm TCE before 
and during gestafion (p < 0.01) or to 1100 ppm during gestation only (p = 0.04) had at least one 
fetus with a heart defect. However, the percentage of affected litters from females exposed to 
1.5 ppm TCE before pregnancy and during gestation or only during gestation was not 
significantly elevated compared to the concurrent control group (Table 3-20). Thus, the study 
NOEL and LOEL when the litter is the unit of analysis are 1.5 ppm and 1100 ppm TCE, 
respectively. 

Johnson et al. (2003) reported the proportion of fetuses with heart defects among rats 
exposed to TCE in drinking water at 2.5 ppb and 250 ppb along with the proportion of affected 
fetuses among rats exposed to 1.5 and 1100 ppm reported earlier (Table 3-20). Johnson et al. 
(2003) estimated exposures associated with the two lower water concentrations to be 0.00045 
and 0.048 mg/kg/day, respectively. Compared to an unexposed, historical control group, the 
proportion of affected fetuses in the 250 ppb exposed group was noted as being significantly 
elevated (p = 0.04) (specific test not provided) by Johnson et al. (2003). However, independent 
NYS DOH analyses ofthe data reported indicated that the difference in the proportion of 
affected fetuses between the control and 250 ppb exposed group was not statistically significant 
(Fisher's exact test, one-tailed p = 0.13). NYS DOH analyses also showed that the proportions 
of affected fetuses for the previously reported 1.5 and 1100 ppm groups were significantly higher 
than the proportion of affected fetuses in the historical control group (Fisher's exact test, one-
tailed p = 0.04 and p < 0.01, respecfively). 

Johnson et al. (2003) a|so reported that the proportion of litters with at least one fetus 
having a heart defect was 44%, 38%, and 67% among rats exposed to 250 ppb, 1.5 ppm, or 1100 
ppm throughout gestation, respectively. The proportion of affected litters was 16% in a group of 
historical controls; no litters were affected when 12 dams were exposed to 2.5 ppb TCE. The 
proportion of affected litters exposed to 1100 ppm TCE was noted in Johnson et al. (2003) as 
significantly increased over the proportion of historical control litters affected (p < 0.01); 
whereas the proportion of affected litters exposed to 1.5 ppm was not (p = 0.08) (specific 
statistical test not provided). The proportion of affected litters exposed to 250 ppb was also 
reported to be significantly elevated compared to controls (p = 0.05). However, independent 
NYS DOH analyses ofthe proportions of litters affected using a one-tailed Fisher's exact test 
found that only the control and 1100 ppm exposed groups differed significantly (p < 0.01) 
although increases in affected litters in the 1.5 ppm and 250 ppb groups were nearly statistically 
increased compared to controls (p = 0.07 and p = 0.09, respectively; one-tailed, Fisher's exact 
test) (Table 3-20). 

In summary, data presented in Dawson et al. (1993) and Johnson et al. (2003) and 
additional information provided by the authors suggest that congenital heart defects are increased 
among fetuses of female rats provided drinking water containing 1100 ppm TCE (LOEL), but 
not among rats provided with drinking water containing 1.5 ppm TCE (NOEL) or less. Muhiple 
reports ofthe data expressed on a litter basis (the preferred unit of analysis for developmental 
effects) provided three slightly different data sets for dose-response assessment (Table 3-20): the 
proportion of affected litters of rats given water with 0, 1.5 ppm, or 1100 ppm TCE during 
gestation or before pregnancy and during gestation (Dawson et al., 1993) and the proportion of * 
affected litters of rats given water with 0, 2.5 ppb, 250 ppb, 1.5 ppm or 1100 ppm during 
gestation (Johnson et al., 2003). However, the Johnson et al. (2003) data set was not considered 
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further as only data associated with the 2.5 ppb and 250 ppb groups had not been reported 
previously and data on concurrent controls were not presented. 

The identification ofthe study NOEL and LOEL as 1.5 ppm and 1100 ppm raises two 
issues about the dose-response relationship. (1) The 700-fold difference between the study's 
NOEL and LOEL weakens confidence that they are reasonable estimates ofthe true NOEL and 
LOEL for heart defects under study conditions. (2) Confidence is also weakened by the apparent 
lack of a clearly defined dose-response relationship (a 700-fold increase in dose only caused 
about a doubling of response). Other uncertainties associated with the drinking water studies 
identified during NYS DOH's review of Dawson et al. (1993) and Johnson et al. (2003) are 
summarized in Table 3-21. These include concerns over the control groups, dose rate estimates, 
matemal body weight gain, missing data, and statistical design. Collectively, these uncertainties 
weaken confidence in the usefiilness ofthe study results for use in dose-response assessment. 

Using the same heart examination technique used by Dawson et al. (1993) and Johnson et 
al. (1998a,b; 2003), but modified to include specialized staining of dissected heart secfions, 
Fisher et al. (2001) evaluated fetal heart defects in offspring of 20 Sprague-Dawley derived CD® 
rats exposed to 500 mg/kg/day TCE via soybean oil gavage on gestation days 6-15 (Table 3-18). 
Twenty-five and 19 unexposed control rats were given soybean oil alone or water alone, 
respectively. A positive control group of 12 rats given 15 mg/kg/day ofthe known teratogenic 
agent retinoic acid in soybean oil was also included. On gestation day 21, fetal hearts were 
examined by a team that included one ofthe investigators (PD Johnson) who had developed the 
heart examination technique that linked TCE exposure with heart defects in rats. As in the 
earlier studies, all examinations were done without knowledge of exposure (e.g., "blind") and 
variations of normal morphology similar to those found in humans were not classified as defects. 
The results showed no difference between TCE treated (60%, 12/20) and unexposed control 
(52%, 13/25, soybean oil) rats in the percent of litters with at least one fetus with a heart defects. 
Incidences in a second unexposed control group (water) and the positive group (retinoic acid) 
were 37% (7/17) and 92% (11/12), respectively. 

The Fisher et al. (2001) study, considered alone, suggests a rat NOEL of 500 mg/kg/day 
TCE or greater for fetal heart defects in CD® rats treated by gavage on gestation days 6-15. 
However, the relatively high background rate of fetal heart defects in one ofthe unexposed 
control groups (52% in soybean oil) may have diminished the ability ofthe study to detect a TCE 
effect. Even the unexposed control group dosed with water had a relatively high percentage of 
affected litters (37%); twice the background rate (16%) reported by Johnson et al. (2003). 

Why the Fisher et al. (2001) study was negative even though it used the same heart 
examination technique and a higher TCE dose than used by Dawson and colleagues (Dawson 
et al., 1993; Johnson et al., 1998a,b; 2003) is unknown. Fisher et'al. (2001) identified several 
factors that were different from those used by Dawson and colleagues. These included slight 
differences in the heart dissection technique (i.e., the use of staining procedure), the use of a 
different rat strain, and the use of a different experimental protocol, particularly in regard to 
dosing method (oil gavage versus drinking water), dose levels (500 mg/kg/day versus 100 
mg/kg/day), and duration of exposure (during organogenesis versus entire pregnancy). However, 
the factors responsible for the differences are not known. 

68 

AR100440



Inhalation Studies 

Two previously discussed (see Table 3-17) teratology studies (Schwetz et al., 1975; 
Dorfmueller et al., 1979) did not detect congenital heart defects in rats, but used a examination 
technique (free hand razor sectioning) with a limited ability to detect heart defects (Claudio et 
al., 1999; Tyl and Marr, 2006; Sterz and Lehmann, 1985). A third negative (for heart defects) 
teratology study in rats most likely used the same technique (Hardin et al., 1981). A fourth 
negative study (Healy et al., 1982) in rats was conducted about the same time but did not provide 
information on the examination techniques. Heart defects may not have been observed in these 
studies because the examination method may have been incapable of detecting them even if they 
were present. 

A more recent developmental study (Dow Chemical Company, 2001) did not detect any 
TCE-dependent developmental effects, including heart defects, in the fetuses of rats exposed to 
50, 150 or 600 ppm TCE (269, 806 or 3224 mg/m ,̂ respectively) for 6 hrs/day on gestation days 
6-20. The study followed US EPA guidelines for developmental toxicity tests and used a heart 
dissection and evaluation technique that was an improvement over the free hand razor sectioning 
technique used in earlier studies. It was, however, still different from the technique used by 
Dawson and colleagues (Camey, 2003). Under the conditions of this study, the maternal NOEL 
for fetal heart defects in rats is > 3224 mg/m^ for 6 hrs/day. 

There are notable differences between this study and those of Dawson and colleagues 
(Dawson et al., 1993; Johnson et al., 1998a,b; 2003). The most obvious difference is the route of 
exposure. Other differences include a different heart dissection technique, rat strain, and 
experimental exposure period (during organogenesis versus entire pregnancy). However, the 
factors responsible for the differential response seen in the two studies are unknown. 

Other Studies 

TCE metabolites (TCA and DCA) also adversely affect fetuses and fetal heart 
development in particular (Table 3-22). Johnson et al. (1998b), using the heart examination 
techniques used in TCE studies, found that Sprague-Dawley rats consuming drinking water 
containing TCA (2730 ppm TCA or about 291 mg TCA/kg/day) had significantly more litters 
with at least one fetus with a heart defect than rats consuming uncontaminated drinking water 
(64% compared to 16%). They also reported that exposed rats had significantly more resorptions 
per litter than unexposed rats. 

Smith et al. (1989) reported matemal toxicity and development toxicity in Long-Evans 
rats at matemal doses of 330 mg/kg/day TCA (gavage, water) on gestation days 6-15. 
Developmental effects included increased litters with a fetus with a heart defect (identified in 
serially sectioned, fixed fetuses) and increased resorptions per litter. Epstein et al. (1992) 
reported that when Long-Evans rats were given water gavage doses of 1900 mg/kg/day DCA on 
gestations days 9-11 or 12-15, 33% and 71% of their litters, respectively, had a fetus with a 
heart defect (identified in serially sectioned fixed fetuses). The rate in the control group was 0%. 
Smith et al. (1992) reported that water gavage doses of 400 mg/kg/day DCA on gestation days 
6-15 of Long-Evans rats increased fetal heart defects (identified in serially sectioned fixed 
fetuses) and that doses of 140 mg/kg/day increased resorptions per litter. 
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In contrast to the poshive results other studies, Fisher et al. (2001) found no increase in 
litters containing fetuses with heart defects among Sprague-Dawley derived CD® rats given 
water gavage doses of 300 mg/kg/day DCA or TCA on gestation days 6-15, even though they 
used the same dissection technique as Johnson et al. (2003). The factors responsible for this 
inconsistency are unknown, but may dependent, at least in part, on differences in the heart 
dissection techniques and rat strains. 

Studies on avian chick embryos support an association between TCE exposure and heart 
defects. Loeber et al. (1988) reported that chick embryos exposed to 2-28 meg TCE/g body 
weight developed more than three times as many heart malformations than untreated embryos. 
Boyer et al. (2000) reported that TCE caused a dose-dependent inhibition in the development of 
heart valve precursors in embryonic chick heart preparations cultured (in vitro) in medium 
containing 50-250 ppm TCE. More recently, Drake et al. (2006) reported that exposure of chick 
embryos to 8 or 400 ppb TCE/egg (but not 0.4 ppb) during the period of heart valvuloseptal 
morphogenesis (2-3.3 days incubation) altered heart development. The exposures caused 
disruption valvuloseptal morphogenesis, a significant reduction in intracardiac blood flow and 
were associated with increased mortality. Equimolar TCA was more potent than TCE with 
respect to increasing mortality and changing valvuloseptal morphogenesis. These results 
independently confirm that TCE disrupts heart development ofthe chick embryo and identifies 
valvuloseptal development as a period of sensitivity. These changes are consistent with 
valvuloseptal heart defects associated with TCE exposure. 

Collier et al. (2003) evaluated gene expression in the developing rat heart of 10-11 day 
old fetuses of dams provided with 0, 110 or 1 lOO ppm TCE in their drinking water. Two specific 
gene sequences, hypothesized to be related to the regulation of essential Câ ^ regulatory and 
signaling molecules, were down regulated in a dose-related fashion. These findings suggested a 
plausible link betweer 
induced heart defects. 
plausible link between the two gene sequences identified and a Câ ^ related cause of TCE 

Other investigators have recently shown that TCE alters endothelial cell generation of 
nitric oxide and endothelial nitric oxide synthase fiinction in endothelial cells in vitro which, in 
tum, was associated with impaired endothelial proliferation (Ou et al., 2003). Authors of this 
report hypothesize that interference with endothelial cell proliferation may be important in the 
development of congenital heart defects. 

3.5.3 Potential Air Criteria Based on Developmental Effects 

Critical Studies. There is one human study suggesting an association between residence 
near a TCE-emitting facility (and presumably TCE in air) and developmental effects, specifically 
cardiac malformations (Yauck et al., 2004; Yauck and McGarver, 2005). This observation is 
consistent with an earlier study reporting an association between matemal exposure to TCE in 
drinking water during pregnancy and the occurrence of cardiac defects (Goldberg et al., 1990). 
However neither study provides specific exposure information and both are associated with 
considerable methodological uncertainties. Nonetheless, these studies raise concern that TCE 
might be a developmental toxicant regardless ofthe route of exposure. 

Animal studies indicate that inhalation exposures of TCE can cause developmental 
toxicity, although available data include both positive and negative findings (Table 3-17). 
Several studies did not report developmental effects after gestation exposure only (Dow 
Chemical Company, 2001; Hardin et al., 1981; Schwetz et al., 1975). In particular, a recent 
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well-conducted and reported study (Dow Chemical Company, 2001) did not report any 
developmental effects in fetuses of rats exposed on gestation days 6-20 to TCE air 
concentrations as high as the slightly matemally toxic concentration of 3224 mg/m .̂ In contrast, 
other studies have reported evidence of developmental toxicity (Dorfmueller et al., 1979; Healy 
et al., 1982; Kjellstrand et al., 1982). Dorfmueller et al. (1979) reported structural anomalies 
indicative of delayed development in pups of rats exposed to 9674 mg/m^ on gestation days 
1-20. Healy et al. (1982) reported several types of developmental effects (increased full litter 
resorptions, decreased fetal body weight, increased frequency of skeletal anomalies) in offspring 
of rats exposed to 537 mg/m'' on gestation days 8-21. Kjellstrand et al. (1982) reported 
increased mortality in Mongolian gerbil pups exposed continuously to 1236 mg/m^ on postnatal 
days 0-28. 

Individually, none ofthe inhalation studies reporting TCE-induced developmental effects 
is optimal as a basis for air criteria because they used only a single TCE exposure level. 
However, Healy et al. (1981) reported effects early (increased incidence of females with total 
resorptions) and late (decreased fetal body weight and increased incidence of fetal skeletal 
anomalies) in gestation. Moreover, these effects were also observed in other studies with TCE 
(Tables 3-17 and 3-18), and the effect level is the lowest reported for inhalation studies. Thus, it 
was identified as a critical inhalation study for developmental toxicity, even though the authors 
reported that two rats died because of an over-exposure associated with equipment malfunction. 
The critical endpoint was the increased incidence of dams with total resorptions. 

Animal studies also suggest that oral doses of TCE can cause developmental toxicity, and 
the data are more consistent than data derived from inhalation studies (Table 3-18). Seven study 
groups reported an association between an indicator of developmental effects in rats or mice and 
TCE exposure. These include neonatal deaths (Manson et al., 1984), fetal eye defects (Narotsky 
and Kavlock, 1995; Narotsky et al., 1995); fetal heart defects (Dawson et al., 1993; Johnson et 
al., 1998a; 2003); decreased numbers of myelinated fibers in 21-day old pups and increased 
activity in 60-day old pups (Isaacson and Taylor, 1989; Noland-Gerbec et al., 1986; Taylor et 
al., 1985); decreased body weight in 21-day old pups (NTP, 1985; 1986) and altered open field 
activity in 45-day old pups (NTP, 1986); and reduced rearing in 60-day old pups (Frederiksson 
et al., 1993). In contrast, only two studies did not find effects (Cosby and Dukelow, 1992; Fisher 
etal., 2001). 

Two studies (Isaacson and Taylor, 1989; NTP, 1986) were identified as critical studies 
because ofthe strength of their experimental design and results, including relatively low LOELs. 
Isaacson and Taylor (1989) reported postnatal neurodevelopmental effects in the offspring of rats 
consuming drinking water containing TCE before mating, during gestation, and throughout 
lactation. It was identified as a critical study because the exposure period covered the gestational 
and postnatal periods and assessed neurotoxicity in a sensitive lifestage (21-day old rats). It was 
also supported by results of other studies in sensitive lifestages (Noland-Gerbec et al., 1986; 
Taylor et al., 1985). These strengths outweigh concem over the use of an oral study to derive air 
criteria oi- concern over some uncertainty in the dose calculation (Barton and Das, 1996). The 
critical endpoint was a decrease in the number of myelinated nerve fibers in 21-day old pups. 

The NTP (1986) rat two-generation reproduction/developmental study was identified as a 
critical study largely based on the overall scientific quality ofthe study, but also because it 
identified a relatively low developmental LOEL. However, the study did not identify a NOEL 
because developmental effects were observed at all dose levels. Additionally, TCE exposure 
was dietary and the oral LOEL is expressed as an aduh dose because ofthe difficulties of 
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estimating exposures for the fetus or the neonate. Moreover, matemal effects (reduced 
postpartum body weight) were observed at all dose levels so the developmental LOEL and 
maternal LOEL are the same. The critical developmental endpoint was a reduction in body 
weight in 21-day old male and female pups. 

The induction of heart defects in the fetuses of rats exposed to TCE in drinking water has 
been reported by one group of investigators (Dawson et al., 1993; Johnson et al., 1993; Johnson, 
2005). Fetal heart defects was identified as an important developmental endpoint for several 
reasons. (1) Congenital heart defects in humans have been associated with TCE exposures in 
epidemiologic studies of two different human populations (Goldberg et al., 1990; Yauck et al., 
2004; Yauck and McGarver, 2005). (2) Other scientists have reported that TCE metabolites 
(TCA and DCA) induce fetal heart defects in rats (Table 3-22). (3) Studies on chick embryos 
show that TCE induces heart defects. (4) Studies using mammalian hearts and cells provided 
evidence that suggests TCE alters expression of several genes important to heart development, 
and thus, provided evidence for a plausible MOA for TCE-induced heart defects. 

However, these data do not address concerns about methodological and interpretative 
issues identified during the NYS DOH review ofthe studies (see Tables 3-20 and 3-21). Nor do 
they address other issues raised in recent reviews (Hardin et al., 2005; Watson et al., 2006). 
These include the concerns about the reliability of the technique to identify heart defects and 
failures of recent studies (Dow Chemical Company, 2001; Fisher et al., 2001) to detect TCE-
induced fetal heart defects in rats, even though the studies used sufficiently high exposure levels 
and adequate heart dissection techniques. Consequently, the Dawson et al. (1993) study does not 
provide definitive information on a causal relationship between TCE exposure and the incidence 
of heart defects. It is not identified as a critical study. It is, however, identified as a supporting 
study because its results and criteria provide insight and infonriation to support criteria based on 
other developmental effects of TCE (Section 3.6) or for a guideline for TCE in air (Section 8.0). 

MOA and Internal Dose Metric(s). Evidence on potential MOA(s) for developmental 
effects associated with TCE exposure is limited, but evidence suggests both TCE and oxidative 
TCE metabolites might be involved. Fetal and maternal blood TCE and plasma TCA levels 
observed on gestation day 20 after inhalation exposure to 618 ppm TCE (3321 mg/m^) 4 hrs/day, 
5 days/wk for 3 weeks indicate the fetus is exposed to both TCE and TCA (Fisher et al., 1989). 
PBPK-based simulations predicted that fetal blood AUC TCE and plasma AUC TCA values are 
expected to be about 67-76% and 63-64% of matemal values, respectively, suggesting that TCE 
and/or its metabolite TCA may be appropriate dose metrics for fetal effects. Additionally, there 
is evidence that both DCA and TCA are associated with fetal heart defects (Epstein et al., 1992; 
Smith et al., 1989; 1992; Johnson et al., 1998b;) when administered orally to pregnant rats. 

Consequently, the recommended intemal dose metrics for use in cross-species and low-
dose extrapolations for developmental toxicity are TCE blood and TCA plasma. Although fetal 
intemal doses are an appropriate dose metric for developmental effects, matemal blood (TCE) 
and plasma (TCA) were used instead because these measures are likely similar to fetal levels and 
the PBPK-model used in this document (see Section 2.5 and Appendix 2) does not include a fetal 
compartment. Further, given that single mutational events as well as cumulative toxicity may 
influence development, peak TCE (as mg/L) or AUC TCE (as mg-hour/L) and peak TCA (as 
mg/L) or AUC TCA (as mg-hour/L) are used to derive potential criteria based on developmental 
effects. Further, given recent evidence that the fraction of TCA bound to plasma proteins may be 
as much as 2-4 times higher in humans than in rats or mice, respectively (Lumpkin et al., 2003), 
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the free fraction TCA is the recommended TCA metric rather than total TCA, which has been 
used in the past. 

Derivation of Potential Air Criteria. Potential air criteria based on the single-exposure 
level inhalation study of Healy et al. (1982) are derived in Table 3-23a. All are based on the 
observation that three effects (an increased incidence of full litter resorptions, decreased mean 
fetal body weight, and an increased frequency of skeletal anomalies) were increased (or ; 
decreased) significantly in exposed rats compared to unexposed rats. Only one point-of-
departure (a LOEL) is used because the study tested only one TCE exposure level. However, the 
LOEL is expressed as six dose metrics (experimental TCE air concentration, adjusted TCE air 
concentration, peak TCE (mg/L), AUC TCE (mg-hour/L), peak TCA (mg/L), AUC TCA 
(mg-hour/L)). The human equivalent concentration corresponding to each dose metric-specific 
point-of-departure was estimated using either the defauU methodology or the human PBPK 
model. 

In all cases, the total uncertainty factor applied to each human.equivalent concentration is 
300. A default uncertainty factor of 10 is used to account for the use of an effect level, rather 
than a NOEL, as the point-of-departure. An interspecies uncertainty factor of 3 is used to 
account for differences in the pharmacodynamic response of humans and animals to TCE. A 
dosimetric adjustment factor of 1 (when the dose metric is TCE air concentration) or PBPK 
modeling (when the dose metric is an intemal dose) is used tO account for the pharmacokinetic 
component ofthe interspecies uncertainty factor. 

An intraspecies uncertainty factor of 10 is used to account for variation in sensitivity 
among members ofthe human population. Although a larger factor may be suggested by in vitro 
pharmacokinetic data on interhuman variation in CYP2E1 activity (Pastino, 2000), the 
importance role of these differences in human variation in sensitivity is not fully understood 
(Barton et al., 1996; Pastino, 2000). Moreover, the potential role of other intrinsic human factors 
(genetic, disease states, gender) on the pharmacokinetics and toxicity of TCE has not been 
adequately described by TCE-specific data (Pastino, 2000). Thus, data are insufficient to deviate 
from a default 10-fold uncertainty for intraspecies (human) variation. 

Potential air criteria based on the oral study of Isaacson and Taylor (1989) are derived in 
Table 3-23b. All are based on the observation that the numbers of myelinated fibers at 21 days 
of age was lower in pups from exposed parents than in pups froin unexposed parents. Only one 
point-of-departure (a LOEL) is used because the study did not provide enough data to estimate a 
BMDLio for a continuous endpoint using the US EPA Benchmark Dose Software. The oral 
LOEL was converted to an equivalent TCE air concentration using a standard approach (see 
Table 3-23b for method) and the oral dose was also converted to each of four internal dose 
metrics (peak TCE (mg/L), AUC TCE (mg-hour/L), peak TCA (mg/L), AUC TCA (mg-hour/L)) 
using the rat PBPK model. Then, the human equivalent concentration corresponding to each 
dose metric-specific point-of-departure was estimated using either the default methodology or 
the human PBPK model. 

In all cases, the total uncertainty factor applied to each human equivalent concentration 
was 300. An uncertainty factor of 10 is used to account for the use of an effect level, rather than 
a NOEL, as the point-of-departure. An interspecies uncertainty factor of 3 is used to account for 
differences in the pharmacodynamic response of humans and animals to TCE. A dosimetric 
adjustment factor of 1 (when the dose metric is TCE air concentration) or PBPK modeling (when 
the dose metric is an internal dose) is used to account for the pharmacokinetic component ofthe 
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interspecies uncertainty factor. As with the Healy et al. (1982) study, an intraspecies uncertainty 
factor of 10 is used to account for variation in sensitivity among members ofthe human 
population. 

Potential air criteria based on the dietary study of NTP (1986) are derived in 
Tables 3-23c and 3-23d. All are based on dose-response data for changes in the rat pup weight 
on postnatal day 21 (male or female pup group means and standard deviations) with changes in 
TCE dietary doses (see Tables 3-23c and 3-23d for data). Oral doses were converted to 
eqiiivalent TCE air concentrations using a standard approach (see Tables 3-23c and 3-23d for 
method) and were also converted to each of four internal dose metrics (peak TCE (mg/L), AUC 
TCE (mg-hour/L), peak TCA (mg/L), AUC TCA (mg-hour/L)) using the PBPK model. Two 
points-of-departure (NOEL or BMDLio) were derived from the resultant dose-response data set 
for each dose metric. Then, the human equivalent concentration corresponding to each dose 
metric-specific point-of-departure (i.e., BMDLio) was estimated using either the default 
methodology or the human PBPK model. 

The total uncertainty factor applied to each human equivalent concentration based on a 
LOEL is 300 whereas a total uncertainty factor of 30 is applied to each human equivalent 
concentration based on a BMDLio. An uncertainty factor of 10 is used to account for the use of 
an LOEL, rather than a NOEL. This factor is hot used with the BMDLio. An interspecies 
uncertainty factor of 3 is used with each point-of-departure to account for differences in the 
pharmacodynamic response of humans and animals to TCE. A dosimetric adjustment factor of 1 
(when the dose metric is TCE air concentration) or PBPK modeling (when the dose metric is an 
intemal dose) is used with each point-of-departure to account for the pharmacokinetic 
component ofthe interspecies uncertainty factor. As with the Healy et al. (1982) study, an 
intraspecies uncertainty factor of 10 is used with each point-of-departure to account for variation 
in sensitivity among members ofthe human population. 

Potential air criteria based on the drinking-water studies of Dawson and colleagues are 
derived in Tables 3-23e and 3-23f All potential criteria are based on dose-response data for 
changes in the proportion of rat litters with at least one fetus with a congenital heart defect 
(see Tables 3-23c and 3-23d for data). 

Oral doses at each drinking water concentration were converted to equivalent TCE air 
concentrations using a standard apjjroach (see Tables 3-23e and 3-23f for method) and also 
converted to each of four intemal dose metrics (peak TCE (mg/L), AUC TCE (mg-hour/L), peak 
TCA (mg/L), AUC TCA (mg-hour/L)) using the rat PBPK model. Only one point-of-departure 
(BMDLio) was derived from the resultant dose-response data set for each dose metric. The 
700-fold difference between the study LOEL (1100 ppm) and the study NOEL (1.5 ppm) 
precluded use of either as a reliable point-of-departure. Next, human equivalent concentration 
corresponding to each dose metric-specific point-of-departure (i.e., BMDLio) vvas estimated 
using either the default methodology or the human PBPK model. 

In all cases, the total uncertainty factor applied to each human equivalent concentration is 
30. An interspecies uncertainty factor of 3 is used to account for differences in the 
pharmacodynamic response of humans and animals to TCE. A dosimetric adjustment factor of 1 
(when the dose metric is TCE air concentration) or PBPK modeling (when the dose metric is an 
intemal dose) is used to account for the pharmacokinetic component ofthe interspecies 
uncertainty factor. As with the Healy et al. (1982) study, an intraspecies uncertainty factor of 10 
is used to account for variation in sensitivity among members; ofthe human population. 
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3.5.4 Selection of Recommended Criteria 

Although available human studies have associated possible TCE exposure with an 
increased in the incidence of congenital heart defects in a population (Goldberg et al., 1990; 
Yauck et al., 2004; Yauck and McCarver, 2005), these studies do not provide specific TCE 
exposure information, include only small numbers of affected fetuses, and have other 
methodological limitations. Thus, the studies are inadequate for use in exposure-response 
assessment. 

Numerous animal studies show that ingested and inhaled TCE can cause developmental 
toxicity (Tables 3-17 and 3-18). Critical endpoints from three critical studies were identified: 

• . increased incidence of full litter resorptions in female rats exposed to 537 mg/m'' 
during gestation; also observed at the same exposure level were decreased fetal body 
weight and increased frequency of fetal skeletal anomalies (Healy et al., 1982; Table 
3-23a); 

decreased numbers of myelinated fibers in the brains of 21-day old offspring of rats 
exposed to oral doses of 37 mg/kg/day (roughly equivalent to 32 mg/m )̂ throughout 
gestation and lactation (Isaacson and Taylor, 1989; Table 3-23b); and 

• decreased postnatal body weight (growth) among offspring of pairs of male and 
female rats at oral doses of 75 mg/kg/day during gestation and lactation (roughly 
equivalent to about 65 mg/m )̂ (NTP, 1986; Tables 3-23c and 3-23d). 

In addition, a critical endpoint from a supporting study was also identified: an increased 
incidence of litters with fetuses with a heart defect in rats given drinking-water doses of 
70 mg/kg/day during gestation (roughly equivalent to about 60 mg/m'') (Dawson et al., 1993; 
Johnson et al., 1993; Johnson, 2005; Tables 3-23e and 3-23f). 

Potential criteria are divided into those based on the default approach (using TCE air 
concentrations as the dose metric) and those based on intemal dose metrics. Those based on the 
intemal dose metrics are given greater weight in the selection of recommended criteria based on 
developmental effects than those based on TCE air concentration. This is consistent with US 
EPA guidelines (US EPA, 1994) that recommends the use of intemal dose estimates for low-
dose and cross-species extrapolations when validated PBPK models are available and when there 
is consensus on the identity ofthe proximate toxicants that are either responsible for TCE-
induced toxicity or are reasonable surrogates for the toxicants responsible for the observed 
toxicity of TCE. 

Potential criteria are divided into those based on an experimental exposure/dose 
(i.e., effect level or LOEL) and those based on an estimated exposure/dose (i.e., BMDLio). 
When both experimental and estimated exposures/doses are used as a point-of-departure, greater 
weight is given to potential criteria derived using a BMDLio. This is consistent with US EPA 
guidelines (US EPA, 2002a) and reflects the greater inherent limitations ofthe NOEL/LOEL 
approach. 

The range of potential criteria (7-3400 mcg/m^) derived from the results ofthe three 
critical studies (one inhalation and two oral) and the supporting oral study is large (Table 3-24). 
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However, potential criteria are similar when based on the same dose metric and type of point-of-
departure (Table 3-24). For example, the range of potential criteria is 110-300 mcg/m'' when 
the point-of-departure is an effect level or LOEL and the dose metric is TWA TCE air 
concentration. Similarly, most potential criteria derived from the inhalation and oral studies are 
similar when compared by point-of-departure and intemal dose metric. In particular, the table 
below shows remarkable similarities in the eight potential criteria based on (AUC TCA, free 
fraction). 

Study 
Potential Criteria (mcg/m'') and Basis 
Point-of-deparhire (as TCA AUC)* 

Effect Level or LOEL BMDLio 
Critical Studies 
Inhalation Study 

Healy etal. (1982)** 38 (effect level) not done 
Oral Studies 

Isaacson & Taylor (1989) 

NTP (1986) 

Supporting Study 
Dawson et al. (1993); Johnson et 
al. (1993); Johnson (2005) 

35 (LOEL) 
40 (LOEL) 
40 (LOEL) 

not done 
not done 

not done 
48 
22 

15 
54 

*A11 data from Table 3-24. 
**Single exposure level study. 

The small ranges of dose-metric specific criteria indicates the neither the choice of 
studies, endpoints, or the use of PBPK models to extrapolate the results of oral studies to 
evaluate inhalation exposures introduced a substantial bias towards overestimating or 
underestimating the potency of TCE to cause developmental effects. In short, the criteria derived 
from different studies, different endpoints, and different methods are mutually supportive. This 
increases confidence in air criteria based on the developmental toxicity of TCE observed in 
animal studies. 

Recommended criteria were selected from the potential criteria based on consideration of 
general guidelines for non-cancer risk assessment and the collective toxicologic and 
pharmacokinetic data on the developmental toxicity of TCE (discussed above). Recommended 
criteria (see table below) are based on three critical studies, intemal dose metrics for TCE or 
TCA, and either a BMDLio or effect level/LOEL (if a BMDLio is unavailable). 

Study quality issues (both strengths and weaknesses, discussed above) do not provide 
compelling evidence to base a criterion for developmental effects on the recommended criteria 
from a single critical study. Similarly, toxicologic and pharmacologic data do not provide a 
sufficient basis for identifying a preferred internal dose metric (i.e., the dose metric that is the 
most reliable dose metric for exposure-response assessment) for the developmental effects of 
TCE. Thus, the lowest recommended criterion from each critical study: 38 mcg/m^ from Healy 
et al. (1982), 19 mcg/m^ from Isaacson and Taylor (1989); and 22 mcg/m^ from NTP (1986) (see 
shaded cells in table below) are the basis for the recommended criterion based on developmental 
effects. 
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Study 

Healy et al. 
(1982)** 
Isaacson & 
Taylor 
(1989) 

NTP(1986)# 

* Estirnate 1 

Recommended Criteria (mcg/m^) and Basis (from Table 3-24) 
TCE 

Peak 
Effect 
Level/ 
LOEL 

3400 

-

jased on fr 

BMDLio 

-

-

92 

ee fraction 

. AUC 
Effect 
Level/. 
LOEL 

630 

V M 9 -

31 

ofTCA. 

BMDLio 

-

-

-

TCA* 
Peak 

Effect 
Level/ 
LOEL 

63 

36 

nr 

BMDLio 

-

-

90 

AUC 
Effect 
Level/ 
LOEL 

f | 3 8 # 

35 

nr 

BMDLio 

-

-

rS^^I^"; 

** Single exposure level study. 
# The listed criteria are based on most sensitive dose-response data set when multiple data 

sets are available. 
- Criteria could not be calculated because of limitations in dose-response data, 
nr Criteria were not recommended because BMDLio is the recommended point-of-departure. 
Shaded cells identify recommended criterion from each study for use in the derivation of a 

criterion based on the developmental effects of TCE. 

Given the uncertainty in a preferred critical study or dose metric, a criterion of 20 mcg/m^ 
(one significant figure) is considered protective ofthe developmental effects of inhaled or 
ingested TCE. It is recommended for use in the derivation of a TCE air criterion based on the 
non-carcinogenic effects of TCE (see Section 3.6). In addition, the recommended criterion is 
within the range of potential criteria (11-83 mcg/m ;̂ based on TCE and free TCA internal dose 
metric's) derived from a supporting study (Dawson et al., 1993; Johnson et al., 1993; Johnson, 
2005). Thus, the recommended criterion would appear protective of fetal heart defects if 
additional research confirms that TCE is a heart-specific teratogen and concerns about the study 
are determined to be unfounded. 

3.6 Selection of a Recommended TCE Air Criterion Based On Non-Carcinogenic 
Effects 

In the previous section, potential air criteria were derived from studies that provided 
important information on the non-carcinogenic effects of TCE on sensitive organs, organ 
systems, or lifestages. These include the nervous system, liver, kidney, male reproductive 
system, and embryos/fetuses/neonates (i.e., developmental toxicity). A subset ofthe potential 
criteria based on each organ, system, or lifestage, consistent with weight-of-evidence on 
pharmacokinetic and toxicologic data, were identified as recommended criteria. These endpoint-
specific air criteria are summarized in Table 3-25 by target organ/system/lifestage, endpoint, 
extrapolation method, and criteria (adult or child-specific). In this section, the derivations, 
strengths, and limitations of each set of endpoint-specific criteria are discussed and a single 
criterion protective of all the non-carcinogenic effects of TCE is recommended. In Chapter 8.0, 
the use of this criterion in the derivation ofthe TCE guideline is discussed. 

Inspection of Table 3-25 provides study-specific criteria and the recommended criterion 
for each study and each health endpoint. Four factors were considered in the selection of these 
criteria. 
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(1) Experimental data and analysis have tentatively identified the likely proximate 
toxicant(s) and some MOAs for the non-carcinogenic effects of TCE. For example, 
the CNS effects of TCE are likely related to internal levels of TCE and/or TCOH 
(Barton and Clewell, 2000; Boyes et al., 2003), liver effects are likely related to TCA 
(and DCA) levels (Bull, 2000; Clewell and Andersen, 2004), kidney effects may be 
related to levels of DCVC derivatives in kidney (Clewell and Andersen, 2004; Lash et 
al., 2000), and both male reproductive and developmental effects may be related to 
levels of TCE, TCA and/or other oxidative metabolites (Fisher et al., 1989; Forkert et 
al., 2002; 2003; Xu et al., 2004). Thus, scientists generally agree on the identity of 
the toxicants that are either responsible for TCE induced toxicity or are reasonable 
surrogates for the toxicants responsible for the observed toxicity of TCE. 

(2) The available PBPK models for describing the pharmacokinetics of TCE in rodents 
and humans are well-validated and are generally accepted as valid tools to estimate 
target-tissue doses (i.e., intemal doses) under specified conditions of TCE exposures 
(see Section 3.5). PBPK models are usefitl in dose-response assessment because they 
can be used to estimate internal doses across TCE dose/exposure levels or from 
animals-to-humans. An intemal dose estimate is the preferred basis for low-dose and 
cross-species extrapolation because it better reflects the biologically effective dose 
(i.e., the dose at the site of damage, a liver cell, for example) than air concentration or 
inhaled dose (the dose metrics for default extrapolations). This is particularly true 
when route-to-route (oral to inhalation) extrapolation is involved. 

(3) The degree to which PBPK models are used instead of default-based extrapolations 
also depends on the degree of confidence that the modeled toxicant is responsible for 
the observed toxicity and the modeled intemal dose is a reasonable approximation of 
the biologically effective dose. At present, only the pharmacokinetic and MOA data 
for liver toxicity are sufficiently strong (see Clewell and Andersen, 2004) to reject the 
use of default-based extrapolations in the derivation of recommended criteria. Thus, 
recommended criteria for liver toxicity are based only on internal dose metrics. 

For kidney, male reproductive system, and developmental toxicity, however, 
pharmacokinetic and MOA data are insufficient to reject consideration ofthe 
potential criteria based on the default approach. Thus, recommended criteria for these 
endpoints include both PBPK- and default-based criteria, but criteria based on the 
intemal dose metrics are given greater weight than those based on TCE air 
concentration. 

The recommended criterion for CNS toxicity is based on a human study. Only one 
criterion was derived from this study because the data provided in the exposure 
assessment allowed only one dose metric to be used (i.e., TCE air concentration). In 
the derivation, the human PBPK model and backward simulation were used to 
estimate the TCE air concentration, assuming continuous exposures, corresponding to 
the biological exposure index (urinary TCA levels) ofthe affected workers in the 
study. 

(4) Four target organ, system, or lifestages (liver, kidney, male reproductive system, and 
embryos, fetuses, and neonates) have multiple criteria. Some uncertainty surrounds 
the identities ofthe proximate toxicant and the dose metric that best describes the 
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relationship between TCE air concentration and the biologically effect dose for each 
target organ, system, or lifestage. Thus, the selection of one ofthe recommended 
criteria as the recommended criterion for each target based on scientific information 
alone is not credible. Instead, a health-protective choice is made, and the lowest 
recommended criterion is selected as the criterion for each specific target organ, 
system, or lifestage. 

For all target organ, system, or lifestages, the recommended criterion is based on an 
intemal dose metric. For liver toxicity (as stated earlier), all recommended criteria are based on 
internal dose metrics (PBPK approach), and the lowest criterion is based on AUC TCA. For the 
developmental, reproductive, and kidney toxicity, recommended criteria are based either on 
internal dose metrics (PBPK approach) or on TCE air concentrations (default approach), but the 
lowest criterion in each case is based on an internal dose metric. 

Organ/System/Lifestage 

CNS 
Developmental 
Reproductive 

Liver 
Kidney 

Recommended 
Criterion (mcg/m"') 

10 
20 
20 
160 
160 

Dose Metric 

urinary TCA 
AUC TCE 

AUC TCA, Peak or AUC TCE 
AUC TCA 

AUC DCVC 

Each recommended criterion is based on dividing a point-of-departure for a critical effect 
in a critical study by a total uncertainty factor. For TCE, as for most chemicals, the toxicologic 
data supporting a point-of-departure for a specific target organ, system, or lifestage vary in 
quantity and quality. Thus, points-of-departure differ in quality. These differences are addressed 
by reviewing all organ, system, or lifestage data and selecting a total uncertainty factor to 
compensate for rnissing information or biological variation. Each recommended non-
carcinogenic criterion could be considered an estimate ofthe relative potency of TCE to cause 
different effects, with attendant uncertainties. 

Compelling evidence to dismiss any ofthe recommended criterion from further 
discussion because of serious concerns about the scientific quality/limitation ofthe critical 
studies were not found. A focus on the lower range of multiple criteria as the source for a single 
criterion is consistent with general risk assessment guidelines (US EPA, 2002a) when derived 
criteria assess different organs, systems or lifestages. It is likely that the margin-of-exposure 
between exposures causing CNS, reproductive, or developmental toxicity and human exposures 
at a TCE guideline set near the criteria based on non-carcinogenic liver or kidney effects 
(160 mcg/m'') would be considered too small under risk assessment guidelines (e.g., US EPA, 
1994; 2002a). Consequently, criteria based on liver or kidney toxicity are excluded from further 
consideration as the basis of a TCE air criterion for evaluating non-carcinogenic effects. 

The similarity in the recommended criterion based on effects on the CNS (10 mcg/m''), 
male reproductive system (20 mcg/m^) and developmental toxicity (20 mcg/m^) warrant 
additional discussion of their strengths and limitations to determine if there are sufficient basis 
for selecting one value over the other as the air criterion for TCE for non-carcinogenic effects. 

The recommended criterion based on CNS effects is the only criterion derived from 
human data. This reduces uncertainty in the criterion because it eliminates the uncertainty 
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associated with extrapolating resuhs in animals to humans. Several other factors increased 
confidence in the CNS criterion as the basis ofthe TCE criterion for non-carcinogenic effects: 

(1) inhaled TCE is unequivocally an animal and human neurotoxicant; 

(2) comparison ofthe points-of-departure for the various endpoints indicates that CNS 
may be more sensitive to the toxic effects of inhaled TCE than other organ, systems, 
or lifestages; 

(3) the characteristics of children were specifically addressed in the derivation; 

(4) it is based on a good epidemiologic study (Rasmussen et al., 1993) for use in dose-
response assessment because although it had a relatively small cohort (n = 99), it did 
have an extended exposure duration, a dose-response relationship, and concurrent 
biological monitoring data; 

(5) a limitation ofthe study (the concomitant exposure to CFC 113) is not considered a 
, major confounding factor because of its lower CNS potency compared to TCE and 

because only a small percentage ofthe cohort was identified as having effects related 
to CFC 113 exposure; and 

(6) it is similar or lower than the potential criteria based on CNS effects, including effects 
in adult animals (Arito et al., 1994) and neurobehavioral effects in young animals 
(e.g., Isaacson and Taylor, 1989). 

The criterion (20 mcg/m^) based on developmental effects is based on the results from 
two oral studies. 

Isaacson and Taylor (1989) found a significant decrease in the number of myelinated 
fibers in 21-day old rats of females exposed before breeding, during gestation, and postnatally. 
Other effects were also observed, including changes in brain chemistry in 21-day old pups and 
reduced exploratory behavior in 60-day old pups (Noland-Gerbec et al., 1986; Taylor et al., 
1985). Pups were exposed in utero and via lactation, and some ofthe effects lasted beyond the 
exposure period. Thus, these studies (along with the study of Frederiksson et al., 1993) 
contribute to the weight-of-evidence that the developing nervous system is a target for TCE. 
Minor concems about the use ofthe study in the derivation of an air criterion include the lack of 
a NOEL and uncertainties in the dose estimates (Barton and Das, 1996). Other, perhaps more 
substantial, concems include whether PBPK models adequately compensate for 
pharmacokinetics differences between oral exposure in rats and inhalation exposures in humans, 
and whether pharmacodynamic differences in response to gavage doses and inhalation exposures 
make it more or less likely that effects induced by gavage doses would also be induced by 
inhalation exposures. 

A NTP (1986) multi-generational study of development and reproduction in rats was the 
second study on which the developmental criterion was based. The study identified a LOEL for 
developmental effects (reduction in body weight in 21-day old male and female pups). This 
study had a defined and comprehensive protocol and used a control and three TCE-dosed groups. 
Its use in the derivation of a criteria for developmental effects is tempered somewhat by several 
factors, including the just discussed uncertainties associated with basing an air criteria on data 
from an oral study, uncertainties in dose estimates (Barton and Das, 1996), and observation that 
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study LOEL for maternal effects (reduced postpartum body weight) was the same as the LOEL 
for developmental effects (i.e., the lowest dose in the study). 

In summary, evidence on the developmental effects of TCE and the quantification ofthe 
points-of-departure for these effects are not as robust as data on the CNS effects of TCE. 
Concerns about the reliability ofthe developmental criterion of 20 mg/m''stem largely from 
uncertainties associated with the use of oral data to derive an air criterion. These concems do not 
preclude consideration ofthe developmental criterion in derivation of a criterion based on the 
non-carcinogenic effects TCE. Given the CNS-based criterion of 10 mcg/m^, however, the 
developmental criterion is most appropriately used as support for the CNS-based criterion. 

The criterion based on male reproductive system effects (20 mcg/m^) is based on 
testicular toxicity in rats. Kumar et al. (2000; 2001a) reported testicular toxicity (weight, sperm 
count and motility, qualitative evidence of histological changes) in rats exposed to TCE for 
4 hrs/day, 5 days/wk for 24 weeks. The study assessed a variety of testicular effects and its 
length was sufficient for use in the derivation of an air criterion for chronic exposure. Its use in 
the derivation of a developmental criterion is also supported by recent studies identifying the 
male reproductive system as a target for TCE toxicity (see Section 3.4). The use of only one 
exposure level raises concems about the location of a NOEL. In addition, rats were exposed for 
only 5 hrs/day, which raises concerns about the ability ofthe PBPK modeling to compensate 
adequately for important pharmacokinetic differences between the experimental exposures 
(5 hrs/day) and continuous exposures. These concerns are considered minor because results 
from a lifetime study in rats suggests a hypothetical criterion of 370 mcg/m^ based on dose-
response data for benign testicular tumors in rats from a lifetirne TCE inhalation study.'' 
Moreover, these concems are of little practical importance to the derivation of a TCE criterion 
because the criterion based on the Kumar data is higher that the criterion based on CNS effects. 
Thus, the most appropriate use ofthe reproductive criterion is to support the CNS-based 
criterion. 

In summary, two lines of evidence support the selection of 10 mcg/m'' as the criterion 
based on the non-carcinogenic effects of TCE. 

(1) The degree of confidence in the criterion based on CNS in humans is high. The 
criterion of 10 mcg/m^ was chosen because it is the lowest criterion well supported by 
pharmacokinetic and toxicologic data on TCE in animals and humans. 

(2) A TCE air concentration of 10 mcg/m is protective ofthe other non-carcinogenic 
effects of TCE observed in animals (liver, kidney, male reproductive system toxicity, 
and developmental) because the recommended criterion for each of these endpoints is 
higher than 10 mcg/m^. 

Consequently, the recommended criterion for evaluating the risks of non-carcinogenic 
effects from chronic exposure to TCE in ambient air is 10 mcg/m^. This air criterion is estimated 
to provide the general population, including sensitive lifestages of infants, children, the infirm 
and elderly, a sufficient margin-of-exposure over TCE air concentrations associated with non-

Mahoni et al. (1986) found benign testicular tumors in male rats exposed to 537 mg/m for 7 hrs/day, 
5 days/wk for lifetime (or a lifetime average daily concentration of 112 mg/m3). A hypothetical criterion 
based on this frank effect would be 370 mcg/m^ if a 300-fold uncertainty factor is used (10 for the use of a 
LOEL, 3 for the interspecies differences in pharmacodynamics, and 10 for human variation). 
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carcinogenic effects in hufnans and animals. The consideration of this criterion in the derivation 
of guideline for TCE is discussed in Chapter 8. 

4.0 GENETIC TOXICITY 

Data on the genetic toxicity of TCE has been reviewed by ATSDR (1997), the 
Intemational Agency for Research on Cancer (lARC, 1995), NTP (2002), and in several peer-
reviewed articles (Briining and Boh, 2000; Fahrig et al., 1995; Moore and Harrington-Brock, 
2000). The results for bacterial, fungal, and mammalian in vitro studies (Table 4—1), mammalian 
in vivo studies (Tables 4-2 and 4-3) and human monitoring data (Table 4-4) reviewed in these 
documents and articles are varied. The general conclusions regarding TCE genotoxicity based 
on these data are summarized by I ARC (1995): 

(1) Studies of structural chromosomal aberrations, aneuploidy and sister chromatid 
exchange in peripheral lymphocytes of workers exposed to TCE were inconclusive. 

(2) Pure TCE did not induce chromosomal aberrations, dominant lethal mutations, sister 
chromatid exchange, or unscheduled DNA synthesis in rodents, whereas an increased 
induction of micronuclei and DNA single-strand breaks/alkaline labile sites was 
observed. 

(3) In single studies with human cells in vitro, TCE of low purity slightly increased the 
frequencies of sister chromatid exchange and unscheduled DNA synthesis. Pure TCE 
did not induce gene mutation in human cells. In mammalian cells in vitro, pure TCE 
induced cell transformation, sister chromatid exchange and gene mutation, but not 
chromosomal aberrations. In fungi, TCE (pure or of unspecified purity) induced 
aneuploidy, gene mutation and mitotic recombination and induced gene conversion in 
the presence of metabolic activation. 

(4) Gene mutation or DNA damage was usually not induced in prokaryotes by pure TCE, 
while preparations containing epoxide stabilizers were mutagenic. Sulfur-containing 
metabolites formed by a minor TCE biotransformation pathway were genotoxic in 
bacteria and cultured renal cells. 

Although the previously mentioned review documents and articles may have examined 
different in vitro and in vivo genotoxicity data, the authors reach similar conclusions regarding 
the potential genetic toxicity of TCE: 

(1) Data regarding TCE genotoxicity suggest it is a very weak, indirect mutagen. In 
addition, the increased rate of DNA synthesis, a non-genotoxic effect, suggests that 
TCE may be carcinogenic without necessarily being genotoxic (ATSDR, 1997). 

(2) Some TCE genotoxicity tests conducted in vitro displayed a weak (up to no more than 
a doubling ofthe control values) mutagenic effect, but mostly at higher 
concentrations, which also had a cytotoxic effect (Briining and Bolt, 2000). 

(3) In vitro and in vivo, TCE induces recombination (including sister chromatid 
exchanges) and aneuploidies (including micronuclei) but it appears unable to induce 
gene mutations and structural chromosomal aberrations. However, it may be 
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involved in the expression of carcinogen-induced mutations due to its potential to 
induce recombination and aneuploidy (Fahrig et al., 1995). 

(4) Chemically induced mutation is unlikely to be a dominant event in the induction of 
human tumors that might be caused by TCE itself (as the parent compound) and its 
metabolites, CH, DCA and TCA. This conclusion derives primarily from the fact that 
these chemicals require very high doses to be genotoxic. Unfortunately, definitive 
conclusions as to whether TCE will induce tumors in humans via a mutagenic MOA 
cannot be drawn from the available information (Moore and Harrington-Brock, 
2000). 

(5) In general, TCE and most of its major metabolites (CH, DCA, and TCA) are not 
potent genotoxicants in a broad range of bacterial, lower eukaryotic, and in vitro and 
in vivo mammalian test systems (NTP, 2000). 

Although TCE itself exhibits low genotoxic activity and may, in fact, not be genotoxic, 
several of its metabolites are reactive and exhibit some genotoxicity in standard tests (ATSDR, 
1997; Miller and Guengerich, 1982). CH has shown positive results in several genotoxicity tests, 
but with low potency at even high doses (Briining and Bolt, 2000; Fahrig et al., 1995; Moore and 
Harrington-Brock, 2000). As summarized by lARC (1995): 

(1) CH is a well-established aneuploidogenic agent. It clearly induced aneuploidy and 
micronuclei in mammals treated in vivo, whereas chromosomal aberrations were not 
found in most studies. Conflicting results were obtained from tests for the induction 
of DNA damage in mammals treated with CH/« v/vo. 

(2) CH induced aneuploidy and micronuclei in cultured human cells in vitro, but the 
results from tests for the induction of sister chromatid exchange were inconclusive. 
In rodent cells in vitro, CH increased induction of micronuclei but did not induce 
DNA damage; chromosomal aberrations were induced in a single study in vitro. In 
fungi, CH clearly induced aneuploidy, while the results of studies on mitotic 
recombination and gene conversion were inconclusive. A single study showed 
induction of somatic mutation by CH in insects. The results of assays for 
mutagenicity in bacteria were inconsistent. 

The genotoxicity data for DCA are inconclusive, but suggest that this compound has 
some genotoxic potential (ATSDR, 1997; Fahrig et al., 1995; Moore and Harrington-Brock, 
2000). As summarized by lARC (1995): 

(1) The evidence for induction of DNA strand breaks in liver cells of rodents exposed to 
DCA in vivo was inconclusive. Strand breaks were not induced in human or rodent 
cells in vitro. The results of assays for mutagenesis in bacteria were inconsistent. 

(2) The spectrum of mutations in H-ras proto-oncogenes in hepatic tumors from mice 
treated with DCA was different from that seen in hepatic tumors from untreated mice. 

The genotoxicity data for TCA is extremely limited. As summarized by lARC (1995): 
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(1) TCA induced chromosomal aberrations and abnormal sperm in mice in one study. 
The results of studies on the induction of DNA strand breaks and micronuclei were 
inconclusive. 

(2) TCA did not induce chromosomal aberrations in a single study or DNA strand breaks 
in cultured mammalian cells. Inhibition of intercellular communication has been 
reported. It was not mutagenic to bacteria. 

The TCE metabolites DCVC and DCVG can produce point mutations and react with 
DNA in chemical model systems, but they have not been evaluated under biological conditions 
in vivo (Briining and Bolt, 2000; Fahrig et al., 1995). The DCVC metabolite is mutagenic in 
Salmonella typhimurium and appears to be a more potent mutagen than TCE or the other TCE 
metabolites (Cummings et al., 2000; DuTeaux et al., 2003; Lash et al., 2003; McGoldrick et al., 
2003; NTP, 2000). In addition, the chlorothioketene intermediates formed from the further 
metabolism of DCVC have been shown to form DNA adducts in vitro (Muller et al., 1998; 
Volkel and Dekant, 1998). 

Overall, the data suggest that although TCE itself is not genotoxic (Tables 4-1, 4-2, 4-3, 
4—4), some of its metabolites are potentially genotoxic compounds. In particular, DCA is 
genotoxic, and DCVC is mutagenic in limited in vitro studies. 

5.0 CARCINOGENIC EFFECTS 

The scientific literature on the known and potential carcinogenic effects of TCE exposure 
in animals and humans is extensive and has been recently and comprehensively reviewed 
(ATSDR, 1997; CA EPA, 1999; 2002; lARC, 1995; NTP, 2005; US EPA, 2001a; 2002c). 
Information summarized here is not intended to be a comprehensive review of all the scientific 
literature involving the carcinogenicity of TCE. Instead, the focus is those human and animal 
data that are relevant to the derivation of TCE air criteria based on the carcinogenic effects of 
inhaled TCE, which are derived in the last part ofthe section. 

5.1 Human Studies 

Over the last decade, many reviews on the potential for TCE to be a human carcinogen, 
have been published (e.g., ATSDR, 1997; CA EPA, 1999; 2002; lARC, 1995; Lavin et al., 2000; 
Lynge et al., 1997; Mandel and Kelsh, 2001; McLaughlin and Blot, 1997; NTP, 2005; Ruden, 
2001; 2002; US EPA, 2001a; 2002b; Weiss, 1996; Wong, 2004). Here, conclusions ofthe more 
comprehensive and/or recent reviews are summarized. Then, relevant epidemiology studies 
published since 2000 are summarized. 

Recent Reviews or Meta-Analyses 

Intemational Agency for Research on Cancer (1995). lARC reviewed the available 
literature on TCE carcinogenicity and classified TCE "as probably carcinogenic to humans" 
(lARC, 1995). This determination was based on "limited evidence" of carcinogenicity from 
studies in humans and "sufficient evidence" of carcinogenicity from studies in experimental 
animals. In making this decision, lARC noted that several epidemiologic studies showed 
elevated risks for cancer ofthe liver and biliary tract and for non-Hodgkin's Lymphoma (NHL). 
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Wartenberg et al. (2000a1 (sponsored by US EPAI Wartenberg et al. (2000a) published 
a comprehensive review ofthe epidemiology of TCE and cancer, which included consideration 
of about 80 occupational cohort, case-control, and community-based studies. Occupational 
cohort studies were categorized as Tier I, II, or III based on exposure-response information. Tier 
I studies (Anttila et al., 1995; Axelson et al., 1994; Blair et al., 1998; Boice et al., 1999; 
Henschler et al., 1995a; Morgan et al., 1998; Ritz, 1999) inferred TCE exposure for each 
individual using biomarkers of TCE exposure, job-exposure matrices (JEM), and/or job-
histories. Tier II studies examined cohorts with suspected exposure to TCE but where 
individuals were not identified as uniquely exposed to TCE. Tier III studies examined cohorts of 
dry cleaner and laundry workers who were exposed to a variety of solvents, including TCE. Tier 
III studies were considered in the meta-analysis because TCE and the primary solvent in dry-
cleaning (tetrachloroethene) are transformed into some ofthe same metabolites. The results of 
Tier I studies were given the greatest weight in the analysis because they had the best 
characterization of TCE exposures. Tier II and III studies and case-control and community-
based studies were given less weight and were used primarily to support findings from the Tier I 
studies. 

Wartenberg et al. (2000a) calculated average relative risks (Standardized Incidence 
Ratios (SIR) or Standardized Mortality Ratios (SMR)) for various cancer sites for each tier of 
occupational cohort studies, for case-control studies and for community-based studies. Based 
mostly on Tier I studies, Wartenberg et al. (2000a) concluded that the data linking TCE exposure 
with cancer are "most compelling and consistenf' for liver and kidney. They concluded also that 
the next most compelling data are for NHL, Hodgkin's disease, and cervical cancer. Results of 
review of Tier II and III occupational cohort, case-control and community based studies are 
generally consistent with results of Tier I studies where data are available. Wartenberg et al. 
(2000a) conclusions regarding these cancers are summarized in Table 5-1 and described below. 

Kidney Cancer. The average SIR for kidney cancer across Tier I studies, based on a total 
of 21 cases, was significantly elevated (1.7, 95% confidence intervals (CI) = 1.1-2.7). The 
average SMR across Tier I studies, based on 37 deaths, was elevated (1.2, 95% CI = 0.8-1.7), 
although not significantly. Three ofthe five SIRs £ind three ofthe five SMRs for kidney cancer 
derived from Tier I studies were elevated, although only one relative risk estimate (SIR = 8.0, 
95% CI = 3.4-19), based on a controversial study (Henschler et al., 1995a, discussed below), 
was significantly elevated above 1. Results from the Tier II and III cohort studies and the case-
control studies provide strong support for an association between TCE exposure and kidney 
cancer. 

Liver and Liver/Biliary Cancers. The average SIR for liver cancers across Tier I studies, 
based on 12 cases, was significantly elevated (1.9, 95% CI = 1.0-3.4). The average SMR for 
liver and/or biliary cancers, based on 33 deaths, was elevated (1.1, 95% CI = 0.7-1.7) although 
not significantly. All four ofthe relative risk ratios (three SIRs and one SMR) for liver cancer 
derived from Tier I studies were elevated, but only one SIR was significantly elevated (2.4, 95%> 
CI = 1.0-5.3). A single SIR and two ofthe four SMRs for liver and/or biliary cancer derived 
from Tier I studies were elevated, but none significantly. Resuhs from Tiers II and III cohort 
studies and case-control studies on solvents provide modest support for an association between 
TCE exposure and liver and/or biliary cancer (Table 5-1). 

Non-Hodgkin's Lymphoma (NHL). The average SIR for NHL across Tier I studies, 
based on 22 cases, was elevated (1.5, 95% CI = 0.9-2.3) and average SMR for NHL, based on 56 
deaths, was also elevated (1.2, 95% CI = 0.9-1.7). Two of four SIRs derived from Tier I studies 
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were elevated, but neither was significantly elevated. Two ofthe three SMRs derived from Tier 
I studies also were elevated, but again, neither was significantly elevated. Results from the case-
control studies on solvents and community studies provide limited additional support for an 
association between TCE exposure and NHL (Table 5-1). 

Hodgkin's Disease. The average SIR for Hodgkin's disease across Tier I studies, based 
on four cases, was elevated (1.5, 95% CI = 0.6-3.7) and average SMR for Hodgkin's disease, 
based on 16 deaths, was also significantly elevated (2.0, 95% CI = 1.1-3.4). Both ofthe SIRs 
derived from Tier I studies were elevated, but neither was significantly elevated. Three ofthe 
four SMRs derived from Tier I studies were elevated, and two were elevated significantly (2.8, 
95% CI = 1.1-1.7; 2.1, 95% CI = 1.0-4.5). Results of case-control studies on TCE and solvents 
provide weak support for an association between TCE exposure and Hodgkin's disease. 

Cervical Cancer. Very few studies reported results for cervical cancer. The one SIR 
derived from a Tier I study was significantly elevated (2.4, 95% CI = 1.2-4.8) and the one SMR 
derived from a Tier I study was elevated but not significantly. Results of Tier III cohort studies 
provide weak support for an association between TCE exposure and cervical cancer. 

Several additional cancer that were evaluated by Wartenberg et al. (2000a) are discussed 
below because they are elevated in animals exposed to TCE (testicular, lung) or because they are 
associated with TCE in human studies published after 2000 (pancreatic cancer, esophageal and 
bladder cancer, leukemia). 

Testicular Cancer. Wartenberg et al. (2000a) did not provide any results for testicular 
cancer and so could not assess the potential for TCE to induce testicular cancer in humans. This 
may reflect the observation that deaths from testicular cancer were rare in the Tier I TCE cohorts 
or subcohorts. This rarity is consistent with evidence that testicular tumors are rare (1 % of 
tumors) in men (Clegg et al., 1997; Cook et al., 1999). 

Lung Cancer. The average SIR for lung cancers across Tier I studies, based on 49 cases, 
was not significantly elevated, and none of three individual SIRs was elevated significantly. The 
average SMR for lung cancers, based on 403 deaths, was not elevated, and none of five SIRs was 
elevated significantly. Similarly, the average SMR based on five Tier II studies and 353 deaths 
was not elevated above 1. The average SIR based on two Tier III studies and 60 cases was 1.2 
(95% CI = 0.9-1.6). The average SMR based on five studies and 137 cases was the only relative 
risk ratio that was elevated significantly (1.3, 95% CI = 1.1-1.5). However, the occupational 
exposures in Tier III studies were to solvents associated with dry-cleaning, thus, the weak 
evidence from these studies is not specific to TCE. 

Pancreatic Cancer. The average SIR for pancreatic cancers across Tier I studies, based 
on 63 cases, was not significantly elevated, and none ofthe three individual SIRs was elevated 
significantly. The average SMR for pancreatic cancers, based on 69 deaths, was not elevated, 
and none ofthe four SMRs was elevated significantly. Similarly, the average SMR based on five 
Tier II studies and 82 deaths did not indicate an increased risk (I.l, 95% CI = 0.9-1.3). 
However, the average SIR based on two Tier III studies and 22 cases was elevated significantly 
(1.7, 95% CI = 1.2-2.6) and the average SMR based on five Tier III studies and 42 deaths was 
also elevated significantly (1.3, 95% CI = 1.0-1.7). However, the occupational exposures in Tier 
III studies were to solvents associated with dry-cleaning, thus, the weak evidence from these 
studies is not specific to TCE. ' 
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Esophageal and Bladder Cancer. These two cancers showed strong associations between 
dry-cleaning and laundry work (Tier III studies) but not TCE exposure (Tier I and Tier II 
studies). For esophageal cancer, the average SMR based on three Tier III studies and 23 cases 
was significantly elevated (2.2, 95% CI = 1.5-3.2). For bladder cancer, the average SMR based 
on five studies and 23 deaths was significantly elevated (2.0, 95% CI = 1.3-2.9). Howevei", the 
occupational exposures in Tier III studies were to solvents associated with dry-cleaning, thus, the 
weak evidence from these studies is not specific to TCE. 

Leukemia. The evidence associating TCE exposures with leukemia is derived primarily 
from community-based studies. Two of three community studies showing significantly elevated 
risk for leukemia were ecological studies in New Jersey and are of limited value in established a 
link between TCE exposures and leukemia (Cohn et al., 1994; Fagliano et al., 1990). The third 
study investigated the leukemia incidence in Woburn, Massachusetts (Lagakos et al., 1986). A 
recent follow-up study (Costas et al., 2002) of leukemia in Wobum children also suggested a link 
between TCE and childhood leukemia (see discussion below). These results are not supported 
by the results ofthe cohort studies, which provide no evidence of an increased risk of leukemia 
from TCE occupational exposures. 

As with most epidemiologic data, the specific studies summarized by Wartenberg et al. 
(2000a) had limitations. First, exposure information provided in the studies was most often 
imprecise and did not definitively characterize TCE exposures; this most likely biased results 
toward the null. Second, worker exposure to other industrial chemicals was possible. This might 
influence conclusions on the carcinogenicity of TCE if exposures to T C E and (an)other 
solvent(s) are correlated and the other solyent(s) is(are) carcinogenic. Failure to control for other 
exposures could bias the resuhs in either direction. Wartenberg et al. (2000a) minimized this 
bias because they gave the greatest weight to cohort studies that contained the best assessment of 
each worker's TCE exposures (i.e.. Tier I studies). Third, few known confounding variables 
(e.g., smoking, and alcohol consuinption) were assessed in any study; this might bias 
observations toward an effect. Fourth, most studies provided only limited exposure-response 
data, limiting the ability to make inferences on causality, possibly biasing results in either 
direction. Fifth, the occurrences ofthe diseases studied were relatively rare, particularly for 
diseases ofthe iymphoreticular system, which limits the power ofthe studies to detect excess 
risks. 

Several issues were raised concerning the analysis of Wartenberg et al. (2000a). For 
example, average relative risks calculated for each tier of cohort studies, and thus, the results of 
the analysis, were highly dependent on the selection of cohorts for each tier. Thus, Wartenberg 
et al. (2000a) included in each analysis of a cancer site all cohorts that reported data for that site. 
However, Wartenberg et al.'s (2000a) meta-analysis of studies reporting kidney cancer has been 
criticized because the significant finding for kidney cancer in Tier I studies was entirely 
dependent on the inclusion of a relative small study by Henschler et al. (1995a), which had a 
substantially higher estimated risk (about 8-fold) than other studies (Borak et al., 2000). This 
dependency is particularly important because conclusions reached in the Henschler et al. (1995a) 
study have been widely questioned on the grounds that it was based on data obtained following 
observation of a cancer cluster rather than an a priori hypothesis (Bloemen and Tomenson, 1995; 
Green and Lash, 1999; Henschler et al., 1995b; Mandel, 2001; McLaughlin and Blot, 1997; 
Swaen, 1995; US EPA, 2002b; Vamvakas et al., 2000). Consequently, Borak et al. (2000) 
argued for its exclusion from the meta-analysis. 
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In response, Wartenberg et al. (2000b) stated two reasons for their inclusion ofthe study 
in their comprehensive analysis on the cancer literature of TCE. (I) Wartenberg et al. (2000b) 
agree that the inclusion of Henschler et al. (1995a) in the meta-analysis increases study 
heterogeneity (i.e., the methods and results of Henschler et al. (1995b) were significantly 
different than other Tier I studies). However, they believe that presentation of both individual 
study data and summary data across studies provides the reader with sufficient information about 
study to make judgement about the relationship between TCE exposure and kidney cancer. 
(2) Henschler et al. (1995a) was not a cluster investigation but a cohort study initiated by the 
observation of cluster. Thus, it merits classification as a Tier I study, and inclusion in the study. 
Also discussed in the literature were the statistical methods and errors in the meta-analysis 
(Boice and McLaughlin, 2001; Wartenberg et al., 2001). 

National Toxicology Program (2000). NTP prepared a technical document to support 
upgrading the cancer classification of TCE in the NTP Annual Report on Carcinogens from 
"reasonably anticipated to be a human carcinogen" to "known to be human carcinogen," based 
largely on meta-analyses of various cancer studies by Wartenberg et al. (2000a). After a public 
hearing and review of public comments, the NTP decided to maintain the TCE classification as 
"reasonably anticipated to be a human carcinogen" largely because the exposures in the human 
studies linking TCE and cancer exposures may not have been specific for TCE. The 11* Annual 
Report on Carcinogens (NTP, 2005) reaffirmed the designation of TCE to "reasonably 
anticipated to be a human carcinogen" based on the meta-analyses of Tier I cohort studies by 
Wartenberg et al. (2000a). 

The NTP panel concerns that the studies were based on a relatively small number of 
exposed workers and were confounded by exposure to other solvents and other risk factors were 
contributory factors to the NTP (2005) decision to keep the classification of TCE. ATSDR 
concurred with this classification (Williams-Johnson et al., 2001). 

Oiajarvi et al. (2001). Ojajarvi et al. conducted a meta-analysis of occupational 
exposures to chlorinated hydrocarbon (CHC) solvents and pancreatic cancer. The analysis was 
based primarily on studies that addressed exposure directly (agent studies) and secondarily on 
studies that reported data without verification of individual CHC exposures (job title studies). 
Papers were all listed in databases (MEDLINE, TOXLINE, and CANCERLIT) for January 1969 
to May 1998. Simple random models were used to estimate meta-relative risks (MRR). 

A weak excess was found for TCE (MRR = 1.24, 95% CI = 0.79-1.97). Ofthe three 
largest studies, two (Anttila et al., 1995; Greenland et al., 1994) reported an excess, while the 
third (Spirtas et al., 1991) did not. No exposure-response gradient was seen in the exposure-
response meta-regression analysis ofthe Spirtas et al. (1991) and Anttila et al. (1995) data. 
Meta-analysis of six job-title studies on metal degreasing (representing exposures to mostly 
TCE, tetrachloroethene, and 1,1,1-trichloroethane) showed a MRR of 2.0 (95% CI = 1.2-3.6). 
Ojajarvi et al. (2001) concluded "Unless the results are seriously biased by exposure or by 
endpoint misclassification or unknown confounders, strong causal associations between CHC 
compounds and pancreatic cancer can be considered unlikely." 

US EPA (2001a). The US EPA completed an external review draft entitled TCE Health 
Risk Assessment: Synthesis and Characterization (US EPA, 2001a) which included an 
assessment ofthe human carcinogenicity data based largely on meta-analyses of Wartenberg et 
al. (2000a). The US EPA concluded that TCE could be classified as either "carcinogenic to 
humans" or "likely to be carcinogenic to humans," but that a category of "highly likely to be 
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carcinogenic to humans" was most appropriate (even though this category was not an option 
specified in the US EPA Guidelines for Carcinogen Risk Assessment operative at the time (US 
EPA, 1999b). This proposed category implies that the level of evidence is on the border between 
"likely" and "known." 

Institute of Medicine flOM) (2003). As part of an evaluation ofthe potential health 
effects of chemical exposures associated with the Gulf War, a committee ofthe lOM (2003) 
evaluated the carcinogenicity data for solvents, including TCE. The review focused on 
epidemiologic studies that had a comparison or control group (i.e., cohort and case-control 
studies) that were published in 2001 or earlier, and that were primarily occupational studies of 
workers chronically exposed to solvents. The conclusions ofthe committee were placed into 
categories of strength of evidence. 

The committee concluded that there is inadequate/insufficient evidence to determine 
whether an association exists between chronic exposure to TCE and the following cancers: 
esophageal cancer; rectal cancer; pancreatic cancer; hepatobiliary cancers; lung cancer; bone 
cancer; breast cancer; melanoma or non-melanoma skin cancer; breast cancer; ovarian or uterine 
cancer; prostate; bladder cancer; kidney cancer; brain; NHL; Hodgkin's lymphoma; multiple 
myeloma; and adult leukemia. 

The committee did not come to a consensus conclusion regarding the association between 
exposure to TCE and the risk of colon cancer. Several committee members believed that the 
evidence was limited/suggestive of an association. Other members felt that the positive studies 
were balanced by the negative findings. 

The committee did not come to a consensus conclusion regarding the association between 
TCE exposure and the risk of cervical cancer. Some committee members believed that evidence 
of an association between cervical cancer and exposure to TCE should be classified as 
limited/suggestive. Other members were concerned about confounding by socioeconomic status 
and the increased risk of exposure to human papilloma virus (HPV), which is associated with the 
development of cervical cancer. Given these concerns and others including the lack of dose-
response and small number of studies and cases, some committee members concluded that the 
evidence was inadequate/insufficient to determine whether an association exists. 

The committee did not have studies on TCE exposures and childhood leukemia to review, 
but reviewed studies of exposures to organic solvents in general and childhood leukemia. The 
committee did not come to a consensus conclusion. Some members thought that the evidence 
was limited/suggestive of an association between exposure to organic solvents and the risk of 
childhood leukemia. Others thought the evidence was inadequate/insufficient. Additional 
research is needed before the association can be understood fiilly. 

Wong (2004). Wong reviewed eight epidemiologic studies of industrial workers who 
were most likely exposed to TCE during its manufacture or during its use as a metal degreaser. 
These studies included all ofthe Tier I studies included in the review by Wartenberg et al. 
(2000a) with the exception ofthe Henschler et al. (1995a) study. Wong (2004) also reviewed 
Hansen et al. (2001) and Raaschou-Nielsen et al. (2003), two recent studies of kidney cancer, 
which are discussed below. Other studies included were those of jewelry workers, who use a 
variety of solvents, and studies of TCE occupational and residential exposures in Taiwan which 
are also discussed below. Wong (2004) concluded that the data "does not support a causal 
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association between exposure to the solvent TCE and an increased risk of any site-specific 
cancer (including cancer ofthe liver and biliary passages and NHL). 

Axelson (2004). Axelson presented the results of a meta-analysis of six major cohort 
mortality studies of workers occupationally exposed to TCE (Anttila et al., 1995; Axelson et al., 
1994; Blair et al., 1998; Morgan et al., 1998; Boice et al., 1999; Hansen et al., 2001). The 
analysis simply added up the observed and expected death for specific cancers from each 
individual study and calculated meta-SMR based on the sum of observed deaths/sum of expected 
deaths. 

The results showed a significantly elevated meta-SMRs for NHL (1.5, 95% CI = 1.22-
1.94) and for liver cancer (1.39, 95% CI = 1.01-1.87), but not for kidney cancer (1.18, 95% 
CI = 0.86-1.59), prostate cancer (1.06, 95% CI = 0.85-1.20) or bladder cancer (1.01, 95% 
CI = 0.85-1.32). 

Recent Individual Studies 

Occupational Studies in Europe and Scandinavia. Pesch et al. (2000) published the 
results of a population-based multi-center case-control study of 935 cases of renal cell carcinoma 
(RCC) and 4298 controls matched for region in Germany, sex, and age. Participants were 
interviewed from 1991-1995 for their occupational history and lifestyle habits. Agent-specific 
exposures were evaluated using British and German JEM and a job task-exposure matrix 
(JTEM). Based on these matrices and expert ratings ofthe duration, probability and intensity of 
exposure to TCE and/or to other solvents associated with jobs or job tasks, exposures were 
classified as low, medium, high, or substantial. 

Conditional logistic regression indicated that exposure to solvents, chlorinated solvents or 
TCE were risk factors for RCC, as summarized in Table 5-2. Men with substantial exposure to 
organic solvents (British JEM) had a significant excess risk for RCC. Similarly, men and 
women with substantial exposure to solvents (JTEM) as well as men with medium exposure to 
solvents (JTEM) all showed significant excess risks for RCC. Other exposure categories with 
significantly elevated risk were men with medium exposure (JTEM) for chlorinated solvents or 
with medium T C E exposures (JTEM). 

Pesch et al. (2000) also examined risk as a fiinction of duration of exposure (medium, 
long, or very long) for a variety of occupations and job tasks. ORs for RCC for workers 
categorized as metal degreasers (which likely involves exposures to chlorinated solvents) were 
slightly, although insignificantly, elevated for men with medium, long or very long employment 
and for women with long and very long employment. 

Although exposure assessments based on job-exposure or job task-exposure matrices are 
more objective than those based on self-assessment, there is still a chance of misclassification 
because the "expert" ranking systems are based on assumptions about what job titles or job tasks 
involved TCE exposures, and which ones did not. Thus, they are less reliable indicators of 
exposure than air or personal monitoring data. Other limitations in the data were the low relative 
risk and a lack of observed dose-response relationships. Acknowledging that their results were 
insufficient to demonstrate a causal relationship between solvents and renal cell cancer, Pesch et 
al. (2000) noted that the high frequency of elevated risks, both statistically significant and non
significant associated with chlorinated solvents, including TCE, suggested an association and 
indicated the desirability of fiirther study. 

90 

AR100462



Bruning et al. (2003) conducted a consecutive hospital-based case-control study ofthe 
risk of renal cell cancer from occupational exposure to TCE in the same region studied earlier by 
Henschler et al. (1995a) and Vamvakas et al. (1998). These two studies of workers in an 
industrial region of Germany found a significantly elevated risk of renal cell cancer among 
workers exposed to TCE. The link between TCE and kidney cancer reported in these studies 
was challenged because they were based initially on the identification of a cancer cluster rather 
than on an a priori hypothesis (Green and Lash, 1999; Henschler et al., 1995b; Mandel, 2001; 
McLaughlin and Blot, 1997; Swaen, 1995; US EPA, 2002b; Vamvakas et al., 2000). 

Briining et al. (2003) included 134 renal cell cancer cases (1992-2000) and 401 controls. 
Cases were collected so as not to overlap with the previous case-control study conducted by 
Vamvakas et al. (1998). Controls were 3:1 frequency-matched to cases by sex and age. Cases 
were enrolled from the urology department serving the study area. Hospital controls were 
recruited from the departments of surgery and geriatrics (when necessary for matching older 
cases) serving the study area. Exposure to TCE and other agents was assessed by a variety of 
methods, and data on each individual was obtained through the use of face-to-face interviews 
and structured questionnaires. 

Occupations and industries with high probability of exposure to specific agents ' 
(e.g., TCE) were identified using the database CAREX (carcinogen exposure) prepared for the 
European Union. Exposure to solvents and other agents was evaluated using occupational 
histories (job titles, job tasks) and a JEM to evaluate duration and degree of exposures. Exposure 
to specific agents (including TCE) was self-assessed. In addition, any occurrence of narcotic 
symptoms (an indicator of high peak exposures) among persons exposed to TCE and 
tetrachloroethene was documented. 

As summarized in Table 5-3, logistic regression, adjusted for age, gender, and smoking, 
showed a TCE-related risk of renal cell cancers. A significant excess risk was found amOng 
workers in industries with a high probability of TCE exposure (based on CAREX database) and 
workers with any self-assessed involvement in "metal degreasing." Workers with self-assessed 
exposure to TCE showed a significantly elevated risk as did workers with self-assessed exposure 
to solvents. In addition, workers with "any self-reported narcotic symptoms" indicative of peak 
exposures to TCE, showed a significant excess risk for renal cell cancer. Moreover, the risk was 
significantly increased for non-daily occurrence of symptoms and was even higher for those 
workers reporting daily occurrence of symptoms. Other significantly elevated risks for RCC 
were associated with self-assessed duration of exposure to TCE or solvents (< 10 years and 10 or 
more years since last TCE exposure). 

Limitations of this study included a small number of cases, uncontrolled confounding, 
and limited assessment of TCE-specific exposures. The number of cases was limited by the size 
ofthe study region given that one goal ofthe study was to evaluate the risk of renal cell cancer in 
a specific area of Germany, although the use of three matched controls for each case increased 
the statistical power ofthe analysis. Briining et al. (2003) considered and dismissed the 
importance of potential confounders (e.g., smoking, hypertension, diabetes, and obesity). 
Concem over potential exposure misclassification was reduced somewhat by the consistency of 
results across different indices of exposures and the use of exposure metrics other than self-
assessed. 
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Hansen et al. (2001) evaluated cancer incidence among 803 Danish workers exposed to 
TCE and used historical files of individual TCE air and urinary measurements of TCE-
metabolites to characterize TCE exposures. Each worker was linked with an average of 22 
specific air or urinary measurements. Mean and median durations of employment were 102 and 
75 months, respectively, assuming that 1964 [the year Denmark started keeping electronic 
records] was the first possible year of employment. Each worker was linked to the nation-wide 
Danish Cancer Registry, and cancer data were collected for all cohort members with cancer. 
Follow-up started on April 1, 1968, or the date of first employment, whichever came later. 
Follow-up ended on the date of death, emigration, or December 31, 1996, whichever occurred 
first. The expected number of cancers was based on the Danish national incidence rates of site-
specific cancers adjusted for sex, 5-year age group, and calendar years. Exposure to TCE was 
categorized several ways, including period of first known employment (pre or post 1965), 
duration of employment (less than or equal to or greater than 75 months, individual exposure 
level (less than or equal to or greater than 19 mg/m''), and cumulative exposures (less than or 
equal to or greater than 1080 months-mg/m^). 

The SIR for cancer overall was close to unity for both men (109 cancers observed) and 
women (19 cancers observed). However, men had significantly elevated SIRs for NHL 
(8 observed, SIR = 3.5, 95% CI = 1.5-6.5) and esophageal cancer (6 observed; 5 were 
adenocarcinomas, SIR = 4.2, 95% CI = 1.5-9.2). Among women, cervical cancer was 
significantly elevated (4 observed, SIR = 3.8; 95% CI = 1.0-9.8). None ofthe three cancer types 
showed a statistically significant dose-response relationship for any ofthe four measures of 
exposure. However, the number of observed cancers in any exposure category ranged from 1-5, 
which limits the power ofthe study to detect dose-response relationships. The SIR was elevated 
(but not significantly) for cancers ofthe liver and biliary passages in men (5 observed, SIR = 2.6, 
95% CI = 0.8-6.0). SIRs were not elevated for kidney cancers (3 observed in men, I observed in 
women) or lung cancer (16 observed in men, 1 observed in women), and no cases of Hodgkin's 
Disease were observed in men or women. Cancer ofthe testes was not elevated, although only 
one case was observed and 1.4 cases expected. Lung cancer was not elevated, based on 17 
observed deaths. 

Hansen et al. (2001) discussed the potential influence of confounders on the observed 
excess risks for esophageal cancer, NHL, and cervical cancer. Alcohol consumption is a risk 
factor for esophageal cancer, and for cancers ofthe oraf cavity, pharynx, larynx, and liver. Only 
the SIR for larynx was not elevated in the cohort, which suggests alcohol intake among the 
cohort was greater than for the general population. On the other hand, esophageal 
adenocarcinoma is not clearly associated with alcohol and 5 ofthe 6 observed esophageal 
cancers Were adenocarcinomas. Moreover, smoking is often cortclated with alcohol 
consumption but the cohort did not suffer an increased risk of smoking related cancers (lung, 
bladder, and larynx). Thus, it was not possible to separate the role of TCE and alcohol on the 
increased risks for cancers associated with alcohol consumption. Risk factors for NHL remain 
largely unknown, although higher social class is a potential risk factor. Thus, the finding of an 
increased risk of NHL with lower social class also warrants further study. Infection by the HPV 
is a strong risk factor for cervical cancer, and Hansen et al. (2001) concluded that the excess risk 
of cervical cancer was likely a socioeconomic phenomena reflecting a greater rate of HPV 
infection among the cohort than in the general population. They did not, however, provide 
references to support their theory about infection rates. 

Although the long follow-up period (up to 50 years) and inclusion of only workers with 
documented TCE exposure allowed the authors to link three cancer types (NHL and esophageal 

92 

AR100464



adenocarcinoma among men, cervical cancer in women) with TCE occupational exposure, the 
small numbers of observed cases limit conclusions regarding the causal role of TCE in cancers 
observed in the cohort. Nonetheless, the results are consistent with the evidence summarized in 
Wartenberg et al. (2000a; 2002) suggesting the TCE is a risk factor for NHL, cervical cancer, 
and liver cancer. The results, however, do not provide additional evidence that TCE is a risk 
factor for kidney cancer or Hodgkin's disease (see Wartenberg et al., 2000a; 2002). All resuhs 
are strengthened by TCE exposure assessments based on measurement of TCE in workplace air 
or biomarkers of TCE exposure and limited by the small numbers of observed cases. 

Raaschou-Nielsen et al. (2003) examined the 1968-1997 cancer incidence among a 
cohort of 40,049 blue-collar workers in 347 Danish companies with documented TCE use. Each 
worker, who worked more than three months in a TCE-using company with < 200 employees, 
was linked to the nation-wide Danish Cancer Registry. Follow-up started on April 1, 1968 or the 
date of first employment in a TCE-using company, whichever came later. Follow-up ended on 
the date of death, emigration, disappearance, or December 31, 1996, whichever occurred first. 

For all cancers among the cohort members, the expected number of cancers was based on 
the Danish national incidence rates of site-specific cancers by sex, 5-year age group, and 
calendar years. For NHL, RCC, and esophageal adenocarcinoma, SIRs were calculated for a 
subcohort with presumably higher exposure levels, including only workers with first 
employment before 1980 and with employment for at least 1 year (rather than 3 months). In 
addition, SIRs were calculated for two groups of workers employed for at least three months by 
companies iising TCE, but who were excluded from the blue-collar cohort (i.e., white-collar 
workers and workers with unknown blue- or white-collar status). Raaschou-Nielsen et al. (2003) 
hypothesized that TCE exposure would be lowest among white-collar workers, intermediate 
among workers with unknown status, and highest among the blue-collar workers. 

Exposure to TCE was evaluated three ways: duration of employment, year of first 
employment at a TCE-using company (TCE workplace air levels in Denmark declined from 
1947-1989), and number of employees in the company (TCE workplace air levels in Denmark 
increase as company size decreases). Dose-response relationships were examined by stratifying 
durations of exposure, first year of employment, and number of company employees. 

Almost 80% ofthe 40,490 workers were followed for more than 10 years, and the 
average follow-up period was 17.6 years. About 3000 cancers were identified (3244 primary 
cancers among 3016 workers). As shown in Table 5 ^ , the risk for total cancers was 
significantly elevated in men and women. For men and women combined, significantly elevated 
risks were observed for NHL, esophageal adenocarcinoma and lung cancer. For men, 
significantly elevated risks were observed for esophageal adenocarcinoma and lung cancer. For 
women, significantly elevated risks were observed for lung, primary liver, gall bladder and 
biliary passages, and cervix (code 171). The SIRs for RCC were elevated among men, women, 
and men and women, although not significantly. The SIR for cancer ofthe testes was not 
elevated. 

The risks of NHL, RCC, and esophageal adenocarcinoma were elevated among the 
subcohort of 14,360 workers with expected higher exposure levels (i.e., at least 1 year of 
employment and year of first employment before 1980) (Table 5-4). The SIRs for NHL 
(1.5, 95% CI = 1.2-2.0) and RCC (1.4, 95% CI = 1.0-1.8) were significantly elevated and were 
higher than those ofthe entire cohort. The SIR for esophageal adenocarcinoma was similar to 
that ofthe entire cohort and was not significantly elevated. Finally, the SIRs for NHL and 
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esophageal adenocarcinoma among white-collar workers were about half of the SIRs for the 
blue-collar cohort. However, the SIR for RCC for white-collar workers was similar to the SIR 
for the blue-collar cohort. The SIR for the workers of unknown "collar" were all intermediate 
between the lower white-collar and higher blue-collar values, and none were significantly 
different from 1. 

Within the subcohort of those with expected higher TCE exposure, positive dose-
response relationships were observed for NHL, RCC, and esophageal adenocarcinoma 
(Table 5-5). For NHL, the SIRs in men and women increased with two measures of exposure 
(i.e., duration of employment and early year of first employment), but not the third (number of 
employees in company). For RCC, the SIRs in men also increased with two measures of 
exposure (i.e., duration of employment and early year of first employment) but not in the third 
(number of employees in company). In women, however, the SIRs for RCC increased only with 
the duration of exposure. For esophageal adenocarcinoma in men, workers at a smaller 
companies with greater likelihood of TCE exposure showed a significantly increased SIRs and 
higher SIRs than workers in large companies. 

Within the entire subcohort of workers classified with higher TCE exposures not 
stratified by gender (Table 5-6) the SIRs for RCC increased with two of three measures of TCE 
exposure (duration of employment and earlier year of first employment), and were significantly 
elevated at the higher exposure level. For NHL and esophageal adenocarcinoma, SIRs differed 
little between strata of duration of employment, year of first employment, or company size. 

In summary, cancer risks for NHL, esophageal adenocarcinoma, RCC, lung cancer, 
cancer ofthe liver, gall bladder/biliary tract, and cervix uteri were significantly elevated among 
some groups of Danish blue collar workers with employment at companies where TCE was used. 
Risks for NHL, esophageal adenocarcinoma, and RCC all increased with one or more measures 
of TCE exposure. The cases of NHL, RCC, and esophageal adenocarcinoma did not cluster 
mainly among workers in a single or few companies nor were there significant differences in the 
distribution of industries for cases of these cancers. These findings make it more likely that the 
TCE exposure, rather than some factor restricted to a few companies, vvas a common factor. 

Raaschou-Nielsen et al. (2003) also noted several factors that may have confounded or 
biased their results. First, the study, as with almost any occupational study, could not exclude 
confounding by exposure to chemicals other than TCE (although no such chemical was 
apparent). Second, given the relatively small excess risks observed in the study, even small 
confounding by factors related to socioeconomic status (e.g., diet, smoking, alcohol 
consumption, sexual behavior) is cause for concern. This is because the risk estimates 
(i.e., SIRs) were based on national rates, and the lower socioeconomic classes were probably 
over-represented in the cohort of blue-collar workers. Such a selection bias might partly explain 
the general pattern of slightly elevated SIRs for the majority of cancer sites, particularly those 
associated with cigarette smoking and alcohol consumption. On the other hand, the excess risks 
of NHL and RCC are unlikely to be explained by the lower socioeconomic status ofthe cohort. 
Moreover, smoking would account for little ofthe increased SIR for esophageal 
adenocarcinoma. 

For liver cancer, which was elevated in women (but not men), Raaschou-Nielsen et al. 
(2003) noted that the SIRs decreased with increased duration of exposure and first year of 
employment. They also noted that alcohol is a risk factor for liver cancer, and also laryngeal, 
esophageal squamous-cell, buccal cavity and pharyngeal cancer, which were also elevated in 
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women (but not men). However, these cancers, which are more strongly associated with alcohol 
than is liver cancer, were elevated to a lesser degree than liver cancer. In addition, the evidence 
suggests that Danish women from the lower socioeconomic classes have less alcohol intake than 
women from higher socioeconomic classes. Thus, the authors conclude that neither TCE alone 
nor alcohol alone provides a likely explanation for the elevated risk of liver cancer among 
women. Moreover, the finding of an increased risk of liver cancer from other cohort studies 
(lARC, 1995; Wartenberg et al., 2000a; 2002) suggest that the possibility of a relationship 
between TCE and liver cancer cannot be excluded. 

Taiwan Studies. A series of retrospective cohort studies were reported by Chang and 
colleagues to investigate the possible association between exposure to chlorinated organic 
solvents and various types of cancers in an electronics factory. The studies included a 
proportionate cancer morbidity ratio study (Chang et al., 2003a), a cohort mortality study (Chang 
et al., 2003b), and a cohort cancer incidence study (Chang et al., 2005). Collectively, the studies 
do not provide much evidence of an increased risk of cancer among the workers. However, the 
studies lacked adequate exposure analysis and had a low power to detect effects because ofthe 
short length of employment (about 2 years), short latency period (< 10 years), and young age of 
the cohort. Moreover, the influence of potential confounders (e.g., non-TCE occupational 
exposures, drinking, and smoking) was not evaluated. Thus, these studies had very limited 
power to detect a carcinogenic effect of TCE exposures. 

Lee et al. (2003) investigated the association between cancer mortality risk and exposure 
to CHC in groundwater of a downstream community near the electronic factories studied by 
Chang and colleagues. The factory was open from 1970-1992. The groundwater used by the 
exposed community for drinking water was contaminated with at least seven CHCs, including 
TCE and tetrachloroethene. TCE levels were the highest (median value about 25 mcg/L, 
whereas the median concentrations of all other contaminants were 3 mcg/L or less. The median 
concentrations ofthe contaminants in the groundwater used by the control community were 0.05 
mcg/L or non-detected. Death certificates inclusive for the years 1966-1997 were collected from 
the two villages. Mortality odds ratio (MOR) for cancer were calculated with cardiovascular-
cerebrovascular diseases as the reference diseases. Multiple logistic regressions were performed 
to estimate the effects of exposure and period after adjustment for age. The major findings were 
increased MORs among males for all cancer (2.07, 95% CI = 1.31-3.27), and for liver cancer 
(2.57, 95% CI = 1.21-5.46) for the periods after 10 years of latency, namely, 1980-1989 
(3.96, 95% CI = 1.36-11.5), and 1990-1997 (4.17, 95% CI = 1.41-12.4). There was also a 
significant linear trend for the period effect. Confidence in the results is limited by lack of 
individual information on groundwater exposure or on potential confounding factors. 

With respect to Lee et al. (2003), Wong (2004) noted the methodological weaknesses 
with using MORs, which limits confidence in the findings of an increased risk of liver cancer 
among men. Moreover, Wong (2004) reported that a cancer mortality cohort study based on 
SMRs, which is a more reliable measure of increased risk than are MORs, was completed 
(Wang, 2000). The results showed that the incidence of all cancers among men within the 
community was not elevated during 1971-1979, 1980-1989, or 1990-1997. In addition, the 
SMRs based on all cancers in men (n = 93 from 1971-1997) compared to comparison 
populations from Taiwan or nearby villages were 0.94 (95% CI = 0.75-1.15) and 0.94 
(95% CI = 0.75-1.15), respectively. The results showed that the incidence liver cancer among 
men within the community was not elevated during 1971-1979, 1980-1989, or 1990-1997. ^ 
Overall, the SMRs based on all liver cancer in men (n = 26 from 1971-1997) compared to 
comparison populations from Taiwan or nearby villages were 1.0 (95% CI = 0.65-1.46) and 1.11 
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(95% CI = 0.72-1.62), respectively. The results for all cancers (n = 44) and liver cancer (n = 3) 
in women were similar and did not indicate an increased risk of cancer. 

American Studies. Zhao et al. (2005) evaluated the cancer mortality (1950-2001) and 
incidence (1988-2000) in a cohort of male workers employed at a Califomia aerospace company 
between 1950-1993. Cohort members were all employed as at least 2 years and-were never 
monitored for radiation exposures. The mean durations of employment in the mortality and 
incidence cohort were 15.9 and 16 years, respectively. 

Each subject in the mortality cohort (6044) was followed from start of employment or 
January 1, 1950 (whichever date was later) to the date of death or December 31, 2001 
(whichever date was first). Each subject in the incidence cohort (5049) was alive and at risk of 
being diagnosed with a first primary cancer on January 1, 1988. Each cancer-free worker in 
1988 was followed to date of diagnosis for a first primary cancer, death, or December 31, 2000 
(whichever date came first). Mortality data were obtained from multiple sources, including the 
National Death Index. Incidence data were obtained from the California cancer registry, and 
registry data from eight other states where workers may have moved during follow-up. The 
cancer sites examined were esophagus and stomach, colon and rectum, NHL and leukemia, lung, 
kidney, bladder, brain, pancreas, and skin melanoma. In the mortality cohort of 6044 subjects, 
2117 (35%) workers had died by the end of 2001. In the incidence cohort of 5049 workers, 691 
incident cases of cancer were found between 1988 and 2000. 

A JEM for potentially carcinogenic exposures (TCE, PAHs, mineral oils, and benzene) 
for each employee was constructed based on extensive industrial hygiene review. Records of job 
titles, job codes, and dates of employment for each worker were linked to the JEM to generate a 
time-dependent intensity score for each occupational chemical exposure and worker. 
Cumulative intensity scores were categorized into three groups: low (reference group), medium, 
and high and treated as time varying variables in the analyses. 

Cox proportional hazard models with time-dependent exposures were used to derive 
estimated (hazard) rate ratios for each non-reference intensity category (medium and high) of 
each time-dependent cumulative exposure and their 95% CI. The effect of each chemical 
exposure was estimated with (muhi-chemical models) and without (single chemical models) 
adjustment for the other exposures including hydrazine, and other potentially confounding 
covariates (pay type (two fixed'binary variables), time since hire or transfer to the facility 
(continuous time-dependent), and age (continuous time-dependent)). 

High TCE exposure was associated with an elevated incidence rate of kidney cancer 
(i.e., estimated rate ratio from single chemical model with zero lag time = 4.90 (95% CI = 
1.23-20; Table 5-7)). When a multi-chemical model was used to adjust for additional chemical 
exposures, the rate ratio for high TCE exposures increased to 7.7 but was not significant 
(95% CI = 0.65-91). Both estimates were limited by the small number (4) of exposed cases 
(Table 5-7). The association between TCE exposure and kidney-cancer mortality was weaker 
than for incidence in both single and multi-chemical models (Table 5-7). None ofthe rate ratios 
was statistically significant. 

High TCE exposure also was associated with an elevated incidence rate of bladder cancer 
(Table 5-8). For a single chemical model with zero lag time, the estimated rate ratio = 2.0 
(95% CI = 0.93- 4.2). For the multi-chemical model with zero lag and 20-year lag time, the 
estimated rate ratios for high TCE exposures were 3.8 (95% CI = 0.97-15) and 3.7 (95% 
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CI = 0.87-16), respectively. In all three models, the trends test with exposure was significant 
(p = 0.05) or nearly significant (p = 0.06 or 0.07). A weaker association was present between 
TCE exposure and kidney-cancer mortality, but the analysis was limited by small sample sizes 
(Table 5-8). 

Increased cancer risks with increased cumulative TCE exposure were not found for the 
other cancers examined (esophagus and stomach, colon and rectum, NHL and leukemia, lung, 
brain, pancreas, and skin melanoma). The combination of esophagus with stomach and NHL 
with leukemia prevented any analysis ofthe relationship between TCE exposures and excess 
risks of esophageal cancer or NHL. 

The study was limited by relatively small sample sizes in each exposure category. 
Another limitation is the use of a JEM and subsequent risk of misclassification because it is 
unlikely that all workers placed in the same JEM actually had the same exposure history. 
Misclassification typically reduces the power ofthe study because exposure misclassification 
would be expected to be non-differential with respect to cancer outcome; bias most likely would 
result in underestimation of effects. 

The study was also limited by lack of information on smoking. However, Zhao et al. 
(2005) observed only weak associations between smoking status (proportion of smokers and 
mean cigarettes per day) and exposures to TCE, PAHs, and mineral oils in a subset of 200 
subjects for whom we had information on smoking status for the 1960s. Thus, they believed that 
their findings were not appreciably confounded by smoking. 

A major limitation ofthe cancer incidence study was the short period of follow-up 
(12 years). Thus, the results may not accurately reflect the effects of carcinogenic exposures that 
resulted in non-fatal cancers before 1988. 

Community Studies. Costas et al. (2002) conducted a case-control study investigating the 
relationship between childhood leukemia incidence and exposure to the public water supply of 
Wobum, Massachusetts. In 1979, two ofthe city's eight municipal drinking water wells were 
closed when tests identified contamination with solvents including TCE. Costas et al. (2002) 
reported TCE concentrations of Woburn water to be 267 mcg/L, substantially higher than those 
of tetrachloroethene (21 mcg/L), chloroform (11.8 mcg/L) and arsenic (2 mcg/L). 

Cases were defined as a child diagnosed with leukemia between January 1, 1969 and 
August 31, 1989 and prior to their 19* birthday, and a resident of Wobum at the time of 
diagnosis. The study included 19 cases and 37 matched controls. Exposure was evaluated using 
a water distribution model. OR were adjusted for socioeconomic status, maternal smoking 
during pregnancy, matemal age at birth of child, and breast-feeding. A non-significant 
association between potential for exposure to contaminated water during maternal pregnancy and 
leukemia diagnosis (adjusted OR = 8.33, 95% CI = 0.73-94.67) was found. In addition, a , 
significant dose-response relationship (p < 0.05) was found. The OR for the never, least and 
most exposed category (during pregnancy) were 1.0 (reference group), 3.53 (95% CI = 0.22, 
58.14), and 14.2 (95% CI = 0.92-224.52), respectively. However, a child's potential for 
exposure from birth to diagnosis showed no association with leukemia risk. The resuhs are 
limited by the small sample sizes and the wide Cis around the ORs. 

Morgan and Cassady (2002) investigated the association between cancer incidence in 
Redlands, California, and the consumption of contaminated drinking water. The extent and level 
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of drinking water contamination are uncertain. Testing for TCE and perchlorate began in 1980 
and 1997, respectively. Recent perchlorate data (2001) indicate levels from 5-98 mcg/L in 
source well-water, but levels in drinking water at the tap have not exceeded 18 mcg/L (the state 
drinking water guideline until 2002). TCE levels ranged from 0.09 mcg/L to 97 mcg/L when 
monitoring began in 1980. Since 1991, TCE levels at the tap have not exceeded 5 mcg/L (the 
state drinking water standard). Studies ofthe contamination suggest it is likely that wells in the 
affected area were contaminated with perchlorate as early as 1980 and that TCE contamination 
was likely as much as 10 years earlier. 

All invasive cancer cases (16 types) diagnosed between January 1, 1988, and December 
31, 1998 within 13 continuous census tracks of Redlands were included in the analysis. The total 
number of observed cases was 3098. The primary group included all age categories, but 
additional assessments were made for children (younger than 15 years old) for all cancer sites 
combined, all leukemias, cancers with origins in the brain or other nervous system, and cancer of 
the thyroid gland. The number of expected cancer cases among residents ofthe 13 census tracts 
was based on regional incidence data specific for age, sex, and race/ethnicity, which was then 
applied to population size and demographic features ofthe 13 census areas. 

No significant differences between observed and expected numbers were found for all 
cancers (SIR, 0.97; 99% CI = 0.93-1.02), thyroid cancer (SIR, 1.00; 99% CI = 0.63-1.47), or 11 
other cancer types. Significantly fewer cases were observed than expected for cancer ofthe lung 
and bronchus (SIR, 0.71; 99% CI = 0.61-0.81) and the colon and rectum (SIR, 0.86; 95% 
CI = 0.74-0.99), whereas more cases were observed for uterine cancer (SIR, 1.35; 99% 
CI = 1.06-1.70) and skin melanoma (SIR, 1.42; 99% CI = 1.13-1.77). None ofthe SIRs for 
children under 15 were elevated significantly, although the results are limited by the small 
number of cases (total of 22, including 10 leukemias and 6 brain/nervous system cancers). 

Morgan and Cassady (2002) noted that the study was conducted in response to 
community concems because ofthe documented exposure to perchlorate and TCE in drinking 
water. However, there is no evidence that these exposures are uniquely different from those that 
may exist elsewhere within areas covered by the regional cancer registry. Numerous 
contamination sites have been found in the region, and many water sources remain untested. 
Thus, the any cancer-causing role for perchlorate or TCE contamination in Redlands water 
would be attenuated if drinking water contamination, like that identified in Redlands, is also 
present throughout the DSCSP. The authors, noted, however that the age-adjusted incidence of 
cancer for all types combined among male subjects in the regional cancer registry does not differ 
significantly from the statewide average and is significantly lower than the statewide average 
among female subjects in the regional cancer registry. Similarly, the age-adjusted incidence Of 
thyroid cancer in the regional cancer registry does not differ significantly from the statewide rate. 

Summary of Human Studies 

Collectively, the analyses presented in Wartenberg et al. (2000a) and additional data 
presented in subsequent publications on the effects of occupational exposures (Briining et al., 
2003; Hansen et al., 2001; Pesch et al., 2000; Raaschou-Nielsen et al., 2003; Zhao et al., 2005) 
provide evidence for an association between occupational TCE exposure and several types of 
cancer in humans, most notably RCC, NHL, liver/biliary cancer, esophageal adenocarcinoma, 
and to a lesser extent Hodgkin' disease and cervical cancer. Others have concluded that TCE is 
"clearly coupled with human cancers ofthe liver, biliary tract, NHL and kidney" (Huff et al., 
2004), although this conclusion has been challenged by others (e.g., Garabrant and James, 2005). 
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Evidence for kidney cancers comes from a recent large occupational cohort study of 
Danish workers (Raaschou-Nielsen et al., 2003), studies conducted in Germany (Bruning et al., 
2003;-Henschler et al., 1995a; Pesch et al., 2000; Vamvakas et al., 1998) and a US study of 
aerospace workers (Zhao et al., 2005). Results of these studies, and other studies of individuals 
with known or likely TCE exposure (i.e.. Tier I studies and case-control studies) are summarized 
in Table 5-9. In addhion, the Raaschou-Nielsen et al. (2003) studies provided evidence of a 
dose response relationship between TCE exposure and increased risk of kidney cancer (Tables 
5-4, 5-5, and 5-6). Moreover, recent studies (Brauch et al., 1999; 2004; Bruning et al., 1997; 
and reviews by Bruning and Bolt, 2000 and Harth et al., 2005) provide evidence for a 
biologically plausible molecular mechanism for TCE-induced human kidney cancer. Somatic 
mutations in the von Hippel-Lindau (VHL) tumor suppressor gene are considered a risk factor 
for kidney cancer, and studies have shown that TCE exposure is associated with a unique 
mutational pattem in this gene. 

Brauch et al. (2004) evaluated the age at diagnosis and VHL mutation patterns in RCC 
(RCC) patients (n = 17) with occupational exposure to TCE with patterns in RCC patients 
(n = 21) without occupational exposure to TCE. RCC did not differ with respect to 
histopathological characteristics in either patient group. The age at diagnosis for TCE-exposed 
patients was significantly lower (p = 0.01) compared to non-TCE exposed patients. In addition, 
the incidence of VHL mutations in the TCE-exposed group (15/18) was substantially higher than 
in the non-TCE exposed group (2/21). Moreover, 9 ofthe 15 tumors in the TCE-exposure group 
had somatic mutations at 454 C > T (P81S) hot spot (Brauch et al., 1999), whereas neither ofthe 
two tumors in the non-TCE exposed group had hot-spot mutations. In addition, 7 ofthe 15 
tumors in the TCE-exposure group had multiple mutations whereas both tumors in the non-TCE 
exposure group had only one mutation. These data support the role of a genotoxic effect of TCE 
leading to VHL gene damage and subsequent occurrence of RCC in TCE exposed humans. 

Evidence for NHL is provided by Tier I studies (reviewed by Wartenberg et al. (2000a) 
and two independent Tier-I quality occupational cohort studies of Danish workers (Hansen et al., 
2001; Raaschou-Nielsen et al., 2003). In addition to significantiy elevated risks among their 
cohorts, both Hansen et al. (2001) and Raaschou-Nielsen et al. (2003) provided evidence of a 
dose-response relationship between TCE exposure and increased risk of NHL. The evidence 
from Hansen et al. (2001) was limited: a trend toward increased risk with increased duration of 
employment, which the authors considered a more reliable estimate of cumulative dose that the 
other dose metrics used to evaluate dose-response. The evidence from Raaschou-Nielsen et al. 
(2003) was stronger (Tables 5-4 and 5-5), particularly given the observation that some ofthe 
workers in the cohort probably received little or no TCE exposures, which would bias results 
toward the null. The results of all studies of individuals with known or likely TCE exposure are 
summarized in Table 5-10. More limited evidence comes from the Wartenberg et al. (2000a) 
summary ofthe results of Tier III cohort studies (studies of dry cleaner and laundry workers who 
were exposed to a variety of solvents, including TCE), case-control studies on TCE or solvent 
exposures of NHL patients, and community studies of TCE exposed populations (Table~5-1). 

The results of a recent meta-analysis of studies of TCE-exposed workers (Mandel and 
Kelsh, 2006) provides some evidence for a link between TCE exposure and the risk of NHL. 
The summary relative risk estimates (SRRE) based on cohort studies that had detailed 
information on TCE exposure (i.e., Anttila et al., 1995; Axelson et al., 1994; Blair et al., 1998; 
Boice et al., 1999; Hansen et al., 2001; Morgan et al., 1998; Raaschou-Nielsen et al., 2003; Ritz, 
1999) were 1.29 (95% CI = 1.00-1.66) for the total cohort (429 cases) and 1.59 (95% CI = 
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1.21-2.08) for the TCE exposed sub-cohort (137 cases). The statistically significant findings for 
TCE sub-cohort studies were dependent largely on the results (SRRE = 1.86; 95% 
CI = 1.27-2.71, 86 cases) from the subgroup of four muhiple-industry European studies because 
the SRRE (1.25) for three single-industry studies was not significantly elevated 
(95% CI = 0.87-1.79, 51 cases). However, Mandel and Kelsh (2006) concluded the positive 
association observed in the TCE subcohort was insufficient to suggest a causal |ink between TCE 
exposure and NHL given the limitations and uncertainties in the overall weight-of-evidence. 

Additional evidence for a causal link between exposure to TCE and increased risk of 
NHL also comes from numerous studies over the past 25 years that have shown an association 
between exposure to organic solvents and an increased risk of NHL (see reviews by Brandt, 
1987; Chiu and Weisenburger, 2003; Pearce and Bethwaite, 1992; Persson, 1996; Rego, 1998; 
Weisenburger, 1994). Rego (1998), for example, reviewed 45 studies published from 1979 to 
1997 that were designed to investigate risk factors for NHL. In 25 ofthe 45 reviewed studies 
(56%), 54 statistically significant associations between NHL and employment in a solvent-
related occupation or industry were reported. In addition, statistical significance was shown in 
13 of 18 studies (72.2%) where solvent exposure was more rigorously assessed and defined. 
Additional publications not covered in the review by Rego (1998) also support a causal link 
between exposure to organic solvents and an increased risk of NHL (Anttila et al., 1995; Band et 
al., 2004; Berlin et al., 1995; Dryver et al., 2004; Fritschi et at., 2005; Kato et al., 2005; Mester et 
al., 2006; Persson and Fredriksson, 1999; Rego et al., 2002; Wood et al,, 1987). 

Evidence on liver and biliary tract cancer comes largely from studies summarized in 
Wartenberg et al. (2000a), but also from a cohort study of female Danish workers (Raaschou-
Nielsen et al., 2003). These are summarized in Table 5-11, which shows that elevated risks were 
reported in 7 of 9 occupational studies where an individual's TCE exposure was either known or 
likely (i.e.. Tier I studies). However, only one study (Raaschou-Nielsen et al., 2003) reported a 
significantly elevated relative risk. Results from case-control and community studies with 
identified TCE exposures are largely negative; only one of six comparisons showed an elevated 
relative risk of NHL (Table 5-11). Both sets of studies are limited by small sample sizes. More 
limited evidence comes from the Wartenberg et al. (2000a) summary ofthe results of Tier II 
studies (cohorts with suspected exposure to TCE, but where individuals were not identified as 
uniquely exposed to TCE), Tier III cohort studies of dry cleaner and laundry workers, and the 
case-control studies of liver^iliary cancer and solvent exposures (Table 5-1). 

The evidence for esophageal adenocarcinoma comes from two independent studies of 
Danish workers (Hansen et al., 2001; Raaschou-Nielsen et al., 2003). Results of these studies, 
and other studies of individuals with known or likely TCE exposure (i.e.. Tier I studies) are 
summarized in Table 5-12. In addition to significantly elevated risks among their cohorts, both 
Hansen et al. (2001) and Raaschou-Nielsen et al. (2003) provided evidence of a dose-response 
relationship between TCE exposure and increased risk of esophageal adenocarcinoma. The 
evidence from Hansen et al. (2001) was limited: a trend toward increased risk with increased 
duration of employment, which the authors considered a more reliable estimate of cumulative 
dose that the other dose metrics used to evaluate dose-response. The evidence from Raaschou-
Nielsen et al. (2003) was stronger (Tables 5 ^ and 5-5), particularly given the observation that 
some ofthe workers in the cohort probably received little or no TCE exposures, which would 
bias results toward the null. -

Evidence on Hodgkin's disease comes from the studies reviewed in Wartenberg et al. 
(2000a), as subsequent papers (Hansen et al., 2001; Raaschou-Nielsen et al., 2003) did not show 
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an association between TCE exposure and an increased risk of Hodgkin's disease. Wartenberg 
et al. (2000a) reported elevated (non-significant) risks in six Tier I studies (summarized in Table 
5-13). In addition, results of three case-control studies showed significantly elevated risks with 
TCE exposures, but exposure to other solvents besides TCE was identified and probable in two 
ofthe studies. 

Cervical cancer was increased significantly in two cohort studies of Danish workers 
(Hansen et al., 2001; Raaschou-Nielsen et al., 2003) and in the Tier I study of Anttila et al. 
(1995). Results of these studies, and other studies of individuals with known or likely TCE 
exposure (i.e.. Tier I studies) are summarized in Table 5-14. However, both Hansen et al. (2001) 
and Raaschou-Nielsen et al. (2003) suggested that the role of confounding on cervical cancer risk 
might be more important that for other cancers. This concem stems from likely confounding by 
social class (lower socioeconomic class are at greater risk) and the well-established role of HPV 
in cervical cancer. 

5.1.1 Potential Air Criteria Based on Human Data 

5.1.1.1 Potential Criteria based Hansen et al. (2001) 

Human data of high quality and adequate statistical power are generally preferred over 
animal data for use in dose-response assessment and should be given greater weight even if both 
are utilized (US EPA, 2005a). 

A recently published study of cancer occurrence among Danish workers exposed to TCE 
(Hansen et al., 2001) was identified by the US EPA Science Advisory Board (SAB) Panel (US 
EPA, 2002b) as an important study that should be considered in any future risk assessments of 
TCE. The study showed that men had significantly elevated SIR for NHL and cancer ofthe 
esophagus. The study also provided estimates of TCE air levels in the workplace and ofthe 
average duration of occupational exposures. Thus, the validity of using Hansen et al. (2001) to 
derive carcinogenic potency estimates was formally evaluated using criteria proposed by Hertz-
Picciotto (1995) to determine if epidemiologic studies are sufficient for use in dose-response 
assessment (Table 5-15). 

Hansen et al. (2001) is insufficient for deriving a regulatory guideline based on human 
cancer data because ofthe inability to adequately control the potential influence of confounders, 
unavoidable uncertainties in the exposure estimates, and the lack of clear dose-response 
relationship. In addition, the numbers of cases per cancer type are small. However, Hansen et 
al. (2001) provides dose-response data sufficient for checking the plausibility of regulatory 
guidelines based on animal cancer data. Thus, the potential TCE air criteria derived from the 
Hansen et al. (2001) study can be compared to potential TCE air criteria based on animal studies. 

Air unit risks for TCE and thus, the TCE air concentrations associated with excess 
lifetime human cancer risks of 1 x 10"*, 1 x 10"̂ , and 1 x lO"''were estimated using relative risk 
data and exposure data from Hansen et al. (2001) as well as relative risk data from Hansen et al. 
(2001) and exposure data from Raaschou-Nielsen et al. (2001; 2002). An average relative risk 
model recommended by the WHO (2000) was used to extrapolate from high doses to low-doses. 

Risk per meg TCE in cubic meter of air = (Po (R-1)) / X, where (equation 5-1) 

Po= background lifetime risk of getting a specific cancer, 
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R = estimate of relative risk, the ratio of observed to expected number of cancers of a 
specific kind (either the SIR, or the upper 95% CI on the SIR), 

X = average daily lifetime exposure based on 8-hour workday, 240-day work year and 
mean length (years) of occupational exposure, and where 

X = OEL X A X B X C X 1000 mcg/mg, where (equation 5-2) 

OEL = mean occupational exposure level (mg TCE/m'), 

A = proportion of daily respiration at work (10 m'' per workday/20 m̂  per day), 

B = proportion of year at work (240 working days per year/365 days per year), 

C = proportion of life at work (average number of years of employment per life/70 years 
of life. 

There are some limitations in the exposure data in provided in Hansen et al. (2001), 
which required the use of exposure data from other papers (Raaschou-Nielsen et al., 2001, 2002) 
to estimate the average yearly TCE workplace air concentration during each year the cohort 
members were exposed to TCE (1947-1989). Hansen et al. (2001) provided data on two 
measurements of TCE exposure: urinary TCA levels and workplace air TCE concentrations. The 
urinary TCA data were provided for five periods covering the entire period of 1947-1989: 
1947-1964, 1965-1973, 1974-1979, and 1980-1989. However, workplace air concentrations 
were provided only for 1974-1979 and 1980-1989, and thus air data for the first 27 years were 
not provided. 

Some scientists have reported a linear relationship between urinary TCA levels and TCE 
workplace air levels (ACGIH, 2001), although there is disagreement as to the quantitative 
relationship between TCE air concentration and urinary TCA levels. Moreover, some, but not all 
reports (ACGIH, 2001), suggest that the relationship is linear only when TCE air concentrations 
are below 270 mg/m''. This possibility becomes important because TCE workplace air 
concentration data from Raaschou-Nielsen et al. (2002) show that average air concentrations for 
the periods 1947-1959 and 1960-1969 for Danish iron and metal workers (as were most ofthe 
Danish workers in Hansen et al., 2001) Were 653 mg/m^ and 322 mg/m'', respectively. These 
data suggest that the urinary TCA levels of workers from 1947-1974 cannot be used to estimate 
TCE workplace air concentration during those years because the air concentration may be too 
high for a linear relationship to hold. Thus, the TCE urinary data were not used to estimate the 
TCE exposure ofthe Hansen et al. (2001) cohort. 

Fortunately, a comparison ofthe exposure data for similar periods of measurement 
(years) reported in both Hansen et al. (2001) and Raaschou-Nielsen et al. (2001; 2002) support 
the use ofthe TCE air data for Danish workers during the years 1947-1989 reported in 
Raaschou-Nielsen et al. (2002) as credible surrogate data for the TCE exposures of Hansen et al. 
(2001) cohort. These data (Table 5-16) show that the mean urinary TCA levels and TCE air 
concentrations in the Hansen et al. (2001) cohort were similar to mean levels for Danish workers 
in the iron and rnetal industry during similar periods of measurement. Consequently, the 
Raaschou-Nielsen et al. (2002) TCE air concentrations for the periods 1947-1989 were used 
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with the Hansen et al. (2001) data on relative risk for to estimate TCE air concentrations 
associated with excess lifetime human cancer risks of 1 x 10"*, 1 x 10"̂ , and 1 x 10"'*. 

Another area of uncertainty in the exposure assessment of Hansen et al. (2001) was 
associated with the estimate ofthe average number of years worked (i.e., mean duration of 
employment), which was 8.5 years. The starting employment date for about 16% ofthe cohort 
was unknown because their starting date was before the year (1964) that records from the Danish 
national Pension Fund were available. If all of these workers worked for 16 years (from the start 
of TCE use in 1947-1964), a second estimate ofthe cohort-wide average duration of exposure 
would be 11.1 years (see Table 5-17). If these workers worked only 8 years (one-half of 16 
years, and close to the average duration of exposure for the rest ofthe cohort), a third estimate of 
the cohort-wide average duration of exposure would be 9.8 years (see Table 5-17). These values 
were also used in the analysis. 

Hansen et al. (2001) reported elevated risks for esophageal cancer and NHL. Using these 
two cancers and the relative risk model (see Table 5-17 for parameter values), estimates ofthe 
TCE air level (mcg/m )̂ associated with an excess lifetime human cancer risk of I x 10"* range 
from 0.36 to 1.2 mcg/m^ for estimates based on esophageal cancer and from 0.29 to 0.91 mcg/m^ 
for estimates based on NHL (Table 5-18). These and the range of estimates ofthe TCE air level 
(mcg/m'') associated with an excess lifetime human cancer risk of 1 x 10"̂  and 1 x 10"''are 
provided below. 

Excess Cancer Risk 

1 X 10"* 
1 X 10"' 
1 X 10"' 

Range of TCE Air Concentrations (mcg/m'') 
Esophageal 

Cancer 
0.36-1.2 
3 .6-12 
36-120 

NHL 

0.29-0.91 
2.9-9.1 
2 9 - 9 1 

Either Cancer 

0.29-1.2 
2 .9 -12 
2 9 - 1 2 0 

Inspection of summary Table 5-19 shows minor variation in TCE air levels associated 
with a specified risk level (e.g., 1 x 10"*). The TCE air levels changes very little with cancer site 
or with changes in the value for mean duration of employment. They varied about 2- to 3-fold 
with changes in the measure of relative risk. The lowest risk-specific TCE air concentrations are 
those based on NHL, the higher ofthe two estimates of relative risk (the upper 95% CI on the 
SIR), and the shortest ofthe three estimates ofthe mean duration of exposure. The highest 
values are those based on esophageal cancer, the lower ofthe two estimates of relative risk 
(mean SIR) and longest ofthe three estimates ofthe mean duration of exposure. 

The arithmetic mean, geometric mean, and median ofthe twelve estimates ofthe TCE air 
concentrations associated with an excess lifetime human risk of 1 x 10* are 0.64 mcg/m'', 0.57 
mcg/m ,̂ and 0.56 mcg/m ,̂ respectively, or about 0.6 mcg/m^ if rounded to one significant figure. 
Similarly, the three measures of central tendency ofthe 12 estimates ofthe TCE air 
concentrations associated with an excess lifetime human risk of 1 x 10"̂  and 1 x 10"'* are 
approximately 6 and 60 mcg/m ,̂ respectively. Alternatively, the twelve estimates could be 
divided into two groups based on the relative risk measure used (SIR or upper-bound estimate of 
the SIR). This division would be consistent with the general US EPA policy of using upper-
bound estimates in dose-response assessments based on animal data. 

For estimates based on the upper bound estimate ofthe SIR, the arithmetic mean, 
geometric mean, and median ofthe six estimates ofthe TCE air concentrations associated with 
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an excess lifetime human risk of 1 x 10"* are all 0.36 mcg/m"', or about 0.4 mcg/m^ if rounded to 
one significant figure. The corresponding value for TCE air concentrations associated with an 
excess lifetime human risk of 1x10"^ and 1 x 10"̂  are approximately 4 and 40 mcg/m ,̂ 
respectively. For estimates based on the SIR, the arithmetic mean, geometric mean, and median 
ofthe six estimates ofthe TCE air concentrations associated with an excess lifetime human risk 
of 1 X 10"* are 0.91 mcg/m ,̂ 0.89 mcg/m^ and 0.91 mcg/m'', respectively, or about 0.9 mcg/m'' if 
rounded to one significant figure. The corresponding value for TCE air concentrations 
associated with an excess lifetime human risk of 1x10'^ and 1 x 10"̂  are approximately 9 and 90 
mcg/m ,̂ respectively. These estimates can be used check the plausibility of animal-based 
estimates ofthe TCE air concentration associated with excess lifetime human cancer risks of 
1 x 10"*, 1 X 10"̂  and 1 x 10"\ respectively. 

5.1.1.2 Potential Criteria based on Raaschou-Nielsen et al. (2003) 

A limitation of Hansen et al. (2001) study is the relatively small number of workers in the 
cohort (803) and the small number of cases of NHL (8) or esophageal cancer (6). This limits 
confidence in the potential criteria based on the study. Consequently, a recent and much larger 
epidemiologic study of Danish workers (Raaschou-Nielsen et al., 2003) was evaluated using 
criteria (Table 5-15) proposed by Hertz-Picciotto (1995) to determine if h was sufficient for use 
in dose-response assessment (i.e., in the derivation potential TCE criteria based on carcinogenic 
effects). 

Raaschou-Nielsen et al. (2003) and a supporting exposure study (Raaschou-Nielsen et al. 
(2002) are insufficient deriving a regulatory guideline based on human cancer. They are also 
insufficient for checking the plausibility of a guideline based on animal data. These conclusions 
are based on the lack of the exposure data necessary to conduct a dose-response assessment. 
Exposure data necessary to calculate a carcinogenic potency (i.e., data on TCE workplace air 
concentrations and mean duration of employment) were not provided in either paper. 

Both of these data are necessary to estimate the excess risk per meg TCE/m^ air from the 
results of an epidemiologic study (see equations 5-1 and 5-2). Although a companion paper by 
Raaschou-Nielsen et al. (2002) provided estimates of TCE workplace air concentrations during 
1947-1989, the cohort Raaschou-Nielsen et al. (2003) consisted of blue-collar workers who were 
potentially exposed to TCE anytime between 1964-1997. Thus, estimates of TCE workplace air 
concentrations were not available for the last 8 years of employment. Moreover, there is some 
doubt as to the applicability ofthe exposure estimates in Raaschou-Nielsen et al. (2002) to the 
workers in the Raaschou-Nielsen et al. (2003) cohort. This concern stems from the discussion in 
Raaschou-Nielsen et al. (2003) that indicates that not all the workers were likely exposed to TCE 
at levels reported in Raaschou-Nielsen et al. (2002). In fact, Raaschou-Nielsen et al. (2003) 
estimated that 41% of their cohort had likely exposure to TCE (i.e., working in a room v/here 
TCE was used) and that an unknown proportion of workers who were not considered to have 
likely TCE exposure may have been exposed to TCE at levels 30-50% ofthe exposure levels of 
actual TCE workers. Moreover, some ofthe workers probably had little or no TCE exposure. 
The importance of this uncertainty in estimates ofthe workplace TCE air concentration is largely 
overshadowed by the lack of data on the duration of employment for cohort members. 

As presented earlier, the equation used to estimate the excess risk per meg TCE/m^ air 
requires an estimate ofthe proportion of life at work (i.e., average number of years of 
employment per life/70 years of life). This estimate is usually based on the average duration of 
employment of cohort members. An estimate ofthe mean or median duration of exposure was 
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not provided in Raaschou-Nielsen et al. (2003), most likely, because ofthe large size (n = 40,049 
blue-collar workers) ofthe cohort. The absence of this estimate precludes using only the results 
of Raaschou-Nielsen et al. (2002, 2003) to derive potential TCE criteria based on the studies. 
However, the quality ofthe Raaschou-Nielsen et al. (2002, 2003) studies and the observation that 
they share authors, methodological aspects, and results with Hansen et al. (2001) (Table 5-20) 
suggested the possibility of combining the two sets of studies to derive potential TCE criteria 
that could be used to check on the plausibility ofthe animal-based potential criteria. 

Hansen et al. (2001) provided an estimate ofthe mean duration of exposure (8.5 years) 
for the Danish TCE workers. Consideration of several factors, however, suggest it would be a 
poor estimate ofthe mean duration of exposure for the Danish TCE workers in the cohort of 
Raaschou-Nielsen et al. (2003). (1) There is minor uncertainty in the estimate from Hansen et al. 
(2001), which stems from uncertainty in the starting date of about 16% ofthe workers. (2) The 
entry criterion for the Hansen et al. (2001) cohort were records of TCE air or TCE urinary 
measurement linked to personal identification records, whereas the entry criterion for the 
Raaschou-Nielsen et al. (2003) blue-collar cohort (40,049 workers) was employment for at least 
three months in a company using TCE. It is likely that the employment history of individuals in 
these two cohorts would more likely be different than similar, and thus, the mean duration of 
employment would likely differ between the two cohorts. (3) The Hansen et al. (2001) cohort 
was comprised of workers employed anytime between 1947-1988 (41 years), whereas the 
Raaschou-Nielsen et al. (2003) cohort was comprised of workers employed anytime between 
1964 and 1997 (33 years). The effect of these differences on the mean duration of employment 
of workers in each cohort is impossible to determine accurately. Consequently, the applicability 
ofthe estimate of mean duration of employment from the Hansen et al. (2001) cohort to the 
Raaschou-Nielsen et al. (2003) cohort was too uncertain to support its use with the data in 
Raaschou-Nielsen et al. (2002; 2003) to calculate potential TCE criteria based on carcinogenic 
effects. 

Nonetheless, a qualitative comparison ofthe two studies suggests that results ofthe much 
larger Raaschou-Nielsen et al. (2003) are supportive ofthe relative risk estimates, and thus, the 
potential TCE criteria based on the Hansen et al. (2001) study. 

(1) Raaschou-Nielsen et al. (2003) was a different type of study, but the results were 
similar as both studies found excess risks of NHL, cancer ofthe esophagus, and 
cervix cancer among members ofthe cohorts. 

(2) Raaschou-Nielsen et al. (2003) was at least partly independent ofthe Hansen et al. 
(2001) study because the cancer cases in common in the two studies was about 10% 
(Hansen, 2004). 

(3) The magnitude ofthe excess risk of NHL, cancer ofthe esophagus, and cervix cancer 
for the Raaschou-Nielsen et al. (2003) cohort are all smaller than the corresponding 
risks for the Hansen et al. (2001) cohort (Table 5-21). However, this reduction jn 

' magnitude is consistent with the likelihood that the most members of Raaschou-
Nielsen et al. (2003) had lower TCE exposures than members ofthe Hansen et al. 
(2001) cohort (Hansen, 2004). Three factors contributed to this likelihood. (1) 
Raaschou-Nielsen et al. (2002) showed that TCE air concentration in Danish industry 
has consistently decreased during the years 1947-1989, and were much higher in the 
1940 and 1950 than in the late 1970s and 1980s. However, the periods of 
employment for Hansen et al. (2001) and Raaschou-Nielsen et al. (2003) cohorts 
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were 1947-1989 and 1966-1997, respectively, which would indicate greater 
exposure for the average worker in the Hansen et al. (2001) cohort. (2) The criteria 
for entry into the Raaschou-Nielsen et al. (2003) cohort was less stringent than that 
for entry into the Hansen et al. (2001) cohort and would likely lead to an average 
duration of employment that was probably less than that for workers in the Hansen et 
al. (2001) cohort. (3) Raaschou-Nielsen et al. (2002) suggested that only 42% of 
their cohort worked in rooms where TCE was used, whereas all the members of 
Hansen et al. (2001) cohort were workers who were inked with either TCA urinary 
level or TCE air level measurement, and thus, likely worked in a room where TCE 
was used. Moreover, Raaschou-Nielsen et al. (2002) mentioned that some ofthe 
workers probably had little or no TCE exposure. 

Collectively, these data suggest that the typical exposure of a member ofthe Raaschou-
Nielsen et al. (2003) cohort was lower than that of a typical member ofthe Hansen et al. (2001). 
This reduced exposure is consistent with the reduce risk seen in the Raaschou-Nielsen et al. 
(2003) cohort compared to the Hansen et al. (2001) cohort. 

In addition, a subcohort of workers in the Raaschou-Nielsen etal. (2003) cohort with 
expected higher TCE exposures (i.e., at least 1 year of employment; first employment before 
1980) compared to other members ofthe cohort also had higher risks of NHL and cancer ofthe 
esophagus. These data also are consistent with the relative risk estimates from Hansen et al. 
(2001). 

In summary, although the studies of Raaschou-Nielsen et al. (2002; 2003) are insufficient 
for their use in a quantitative analysis to derive potential TCE criteria based on cancer risk seen 
in the studies, a qualitative analysis ofthe exposure-response relationship in comparison to the 
exposure-response relationship in Hansen et al. (2001) (i.e., reduced TCE exposure reduces risk 
of TCE-related cancers) provides supporting evidence for the potential TCE air criteria based on 
the excess cancer risks seen in Hansen et al. (2001). 

5.1.1.3 Potential Criteria Based on Other Epidemiologic Studies 

Three epidemiologic studies (Anttila et al., 1995; Cohn et al., 1994; Henschler et al., 
1995a) have been used to derived estimates ofthe carcinogenic potency of inhaled TCE 
(e.g., US EPA, 2001a). However, a review of these studies (see below) indicates that the studies 
have methodological limitations that preclude their use in dose-response assessment. 

Cohn et al. (1994) is a study on the association between cancer rates (e.g., NHL) in New 
Jersey towns and drinking-water levels of volatile organic chemicals (VOCs), including TCE, in 
the same towns. The cancer potency factor (4 x 10"' per mg/kg/day) derived from this study by 
the US EPA (2001a) can be converted to an air unit risk'', which corresponds to a one-in-one 
million air level of 0.009 mcg/m"'' for lifetime continuous exposure. 

Several factors weaken confidence in the air unh risk and thus, the one-in-one million 
TCE air level, estimated from this study. (1) The unit risk derived from the study was based on 
an assumption of exposure only from ingestion of contaminated drinking water, even though 

Cancer potency factors were converted to air unit risk estimates and estimates a 1 x 10"* TCE air level 
using standard assumptions and exposure factors (continuous exposure for 70 years, 70-kg person, and 
inhalation rate of 20 mVday). 
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inhalation and dermal exposures (from the use of drinking water for cooking, bathing, and 
showering) are likely, and perhaps higher (CA EPA, 1999). Not accounting for these other 
sources of exposure would overestimate the cancer potency of TCE. (2) The unit estimate 
derived from the study was based on assuming all excess risk of NHL was associated with TCE 
exposure even though residents were also exposed to other VOCs, including tetrachloroethene (a 
probable human carcinogen (lARC, 1995). Moreover, TCE and tetrachloroethene are 
metabolized to some ofthe same reactive metabolites and may share toxic MOAs and cause 
similar toxic effects. (3) The study was an ecological study, which are generally useful for 
hypothesis testing for a population, but not for establishing causality or estimating carcinogenic 
potency because such studies do not link disease and exposure data for each individual in the 
population. The study did not provide individual-level exposure data, so that the individual 
disease data cannot be directly linked to exposure data. This compromises any estimates of 
potency. 

For these reasons, the air unit risk estimate derived from this study was not used in the 
development ofthe NYS DOH recommended 1x10'* TCE air level. The CA EPA made a 
similar decision and decided not to use this study to estimate a TCE water unit risk (CA EPA, 
1999). 

Henschler et al. (1995a) is a study of German workers in a cardboard factory exposed to 
TCE during and between periodic TCE-degreasing of machinery. Kidney cancer was elevated in 
the cohort. The cancer potency factor (2 x 10"̂  per mg/kg/day) derived from this study by the 
US EPA (2001a) can be converted to an air unit risk, which corresponds to a one-in-one million 
air level of 0.2 mcg/m^ for lifetime continuous exposure. The potency factor was actually 
derived by the CA EPA (1999) to obtain a water unit risk for TCE. 

Several factors weaken confidence in the air unit risk and thus, the one-in-one million 
TCE air level, estimated from this study. (1) Estimation of a cancer potency factor for TCE 
requires an estimate of lifetime TCE exposure, which is typically calculated from estimates of 
average TCE workplace exposure and average years of occupational exposure. The study did 
not report any measures of TCE in workplace air, but from the description of exposure 
conditions in the paper, periodic exposures induced acute symptoms of central nervous toxicity. 
The exposure levels were characterized by the authors as "extraordinarily high" and "much in 
excess ofthe current threshold limit values (TLV)" (i.e., 540,000 mcg/m^(US value) and 
270,000 mcg/m^ (German value)). CA EPA (1999), and thus, US EPA (2001a) assumed an 
average workplace TCE air level of 270,000 mcg/m^ in order to derive the cancer potency factor 
based on this study. (2) The air unit risk derived from this study by US EPA (2001a) was based 
on the assumption that 50% of inhaled TCE is absorbed into the body. This assumption was 
made because the original derivation was done by CA EPA (1999), who were interested in 
obtaining a water unit risk from air data and used it to adjust for the relative differences in TCE 
adsorption percentage between inhalation and oral exposures. Such an adjustment is not 
necessary to derive an air unit risk from an occupational study, where inhalation is the assumed 
to be the primary route of exposure (but see the next comment). If the 50% absorption factor is 
deleted from the US EPA (2001a) derivation, the estimated unit risk corresponds a one-in-one 
million air level of 0.4 mcg/m^ for lifetime continuous exposure. (3) From the description ofthe 
workplace practices contained in Henschler et al. (1995a), some ofthe workers probably had 
substantial dermal exposures. Not accounting for this route of exposure would overestimate the 
carcinogenic potency of TCE. (4) The unit risk was based on relative risk estimates that were 
derived using less preferred epidemiologic methods. East German and Danish background rates 
and the unadjusted kidney cancer incidence (7/169) were used to estimate relative risk; East 
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German rates were used to estimate the unit risk. The preferred methods would be to adjust 
incidence based on life-table methods and the use of an incidence rate from the country where 
the study was conducted (West Germany). These latter data were unavailable. (5) The study's 
epidemiologic methods, and consequently, the estimates of risk have been controversial and 
actively discussed in the world literature (Bloemen and Tomenson, 1995; Green and Lash, 1999; 
Henschler et al., 1995b; Mandel, 2001; McLaughlin and Blot, 1997; Swaen, 1995; US EPA, 
2002b; Vamvakas et al., 2000). 

For these reasons, the air unit risk estimate based on the cancer potency factor 
(2 X 10"̂  (mg/kg/day)"') derived from this study was given little weight by NYS DOH in the 
development of a recommended 1x10* TCE air level. 

Anttila et al. (1995) is a study of Finnish workers exposed to halogenated solvents. The 
cohort was comprised of workers biologically monitored for exposure to TCE, tetrachloroethene, 
and 1,1,1-trichloroethane. Unit risk estimates were based on liver cancer, kidney cancer, NHL, 
and all sites combined. The range of TCE air unit risk estimates derived from this study by the 
US EPA (2001a) correspond to 1 x 10* air levels of 0.02-10 mcg/m^ for lifetime continuous 
exposure using an unspecified measure of central tendency and 0.01-1 mcg/m'' using an 
unspecified upper bound estimate. In the US EPA (2001a) report, these unh risk estimates are 
converted to cancer potency factors expressed as (mg/kg/day)"', which are extremely high 
relative to all other estimates (giving very low estimates ofthe TCE one-in-one million air level). 

Several factors weaken confidence in the air unh risks and thus, the one-in-one million 
TCE air levels, estimated from this study. (I) Estimation of a unit risk for TCE requires an 
estimate of lifetime TCE exposure. The study using biomonitoring data to estimate daily 
exposure levels but did not report any measures ofthe average length of occupational exposure 
to TCE. The US EPA (2001a) assumed the workers were exposed to TCE for an average of 15 
years, but did not provide any scientific rationale in support of this decision. (2) The method 
used to calculate unit risk was not provided, which makes it impossible to evaluate the scientific 
soundness ofthe methodology. (3) Unit risk estimates were based on small numbers of cancer. 
The US EPA calculated unit risks for NHL, liver, and kidney based on the occurrence of 4, 6, 
and 8 cases, respectively, among workers monitored for urinary TCA. (4) Unit risk estimates 
were based assuming all excess risks seen in TCE-exposed workers was associated with TCE, 
even though workers were exposed to other VOCs, including tetrachloroethene (a probable 
human carcinogen (lARC, 1995)), which shares some ofthe same reactive metabolites and toxic 
effects with TCE and may share toxic MOA with TCE. (5) Unit risk estimates were based on 
estimating TCE exposure from measurements of TCA in urine. This method, although a 
reasonable way to estimate TCE air levels, may not provide a reliable estimate ofthe 
carcinogenic potency of TCE in air if as is suspected, other metabolites play a role in the TCE-
induced carcinogenesis (US EPA, 2001a). 

Although the US EPA (2001a) presented the unit risks and cancer potency factors based 
on this study, they did not include the value in the range of recommended values. We concur 
with this conclusion ofthe US EPA (2001a), and the TCE potency estimates derived from this 
study were not used in the development ofthe NYS DOH recommended 1x10"* TCE air level. 

The validity of using the three studies (Anttila et ah, 1995; Cohn et al., 1994; Henschler 
et al., 1995a) to derive cancer potency estimates was formally evaluated using criteria proposed 
by Hertz-Picciotto (1995) to determine if epidemiologic studies are sufficient for use in dose-
response assessment (Table 5-15). The analysis indicates that none of the studies are Category 1 
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(i.e., studies that provide dose-response data sufficient for deriving a human-based cancer risk 
regulatory guideline) or Category 2 (i.e., studies that provide dose-response sufficient for 
checking the plausibility of animal-based cancer risk regulatory guidelines). None ofthe studies 
adequately described the duration and/or magnitude of exposure to TCE for individual, and thus, 
all failed to meet this essential requirement of a Category 1 or 2 study. These studies provide 
useful information on the weight-of-evidence for the human carcinogenicity of TCE, but do not 
provide quantitative evidence on exposure to support their use in dose-response assessment. 

Recently, Lewandowski and Rhomberg (2005) evaluated the unit risk estimates contained 
in the US EPA (2001a) Trichloroethylene Health Risk Assessment. They performed a 
qualitative evaluation of all the studies (both animal and human) that were used by the US EPA 
(2001a) to derive unit risk estimates for TCE. In their evaluation ofthe human data, they 
evaluated Anttila et al. (1995), Cohn et al. (1994), and Henschler et al. (1995a). They also 
evaluated Hansen et al. (2001) because it is very likely to be included in the final US EPA TCE 
risk assessment. They ranked Anttila et al. (1995) higher than Hansen et al. (2001), and both 
were considered sufficient for use in dose-response assessment. They concluded that Cohn et al. 
(1994) and Henschler et al. (1995a) were not sufficient for use in dose-response assessment. 

Lewandowski and Rhomberg (2005) concluded that most appropriate data on which to 
base an interim unit risk for low-level TCE inhalation exposure were the data on liver cancer 
derived from Anttila et al. (1995). These data were preferred over the data from Hansen et al. 
(2001) largely because Anttila et al. (1995) had a larger cohort size than Hansen et al. (2001) and 
because the TCE data on liver cancer was more consistent than the TCE database for the cancers 
(NHL, esophagus, and cervix) elevated in Hansen et al, (2001). However, Lewandowski and 
Rhomberg (2005) did not consider the supporting evidence for NHL and esophageal cancer from 
the second Danish study of TCE workers (Raaschou-Nielsen et al., 2003). Moreover, they 
recognized that the Anttila et al. (1995) did not contain data on mean duration of exposure. They 
noted that "US EPA also assumed that the average exposure duration in the workers was 15 
years although actual exposure duration data were not available." 

In summary, Lewandowski and Rhomberg's (2005) recommended inhalation unit risk for 
TCE is 9 X 10"' per mcg/m ,̂ which corresponds to a 1 x 10"* air level of 1 mcg/m'' for lifetime 
continuous exposure. There is some uncertainty associated with this estimate because the value 
of one exposure parameter (i.e., mean duration of exposure) necessary to calculate a unit risk 
was unknown, and was assumed to be 15 years. Nonetheless, the estimate is within the range of 
estimates (0.29 to 1.2 mcg/m^) derived from the Hansen et al. (2001) study, which are supported 
by a qualitative assessment ofthe results ofthe Raaschou-Nielsen et al. (2003) cohort. 

5.2 Animal Studies ' 

TCE is a muhi-site carcinogen in animals and is classified as an animal carcinogen by 
many scientific and public health agencies (ATSDR, 1997; CA EPA, 1999; 2002; lARC, 1995; 
NTP, 2005; Rhomberg, 2000; US EPA, 1985; 1987; 2001a; 2002b). Oral doses of TCE have 
induced liver tumors in mice, and kidney tumors in male rats (Table 5-22). Oral doses of TCE 
metabolites (TCA, DCA, and CH) have induced liver tumors in mice and DCA has induced liver 
tumors in rats (Table 5-23). Inhaled TCE has induced liver cancers, lung cancers, and malignant 
lymphomas in mice, and kidney cancers and testicular tumors in rats (Bell et al., 1978; Fukuda et 
al., 1983; Henschler etal., 1980; Maltoni etal., 1986). Detailed discussions of these studies can 
be found elsewhere (ATSDR, 1997; BrUning et al., 2000; CA EPA, 1999; lARC, 1995; US EPA, 
1985; 1987; 2001a). Here, we focus on an evaluation ofthe inhalation studies for use in the 
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development of potential air criteria for TCE based on carcinogenic effects because the use of 
inhalation studies eliminates the uncertainties associated with route to route extrapolation that are 
present when effects of oral or dermal exposures are extrapolated to inhalation exposures. 

Four inhalation studies of TCE carcinogenicity in animals provide 11 dose-response data 
sets showing a statistically significant relationship between TCE exposure level and an increased 
incidence of cancers or tumors. The experimental conditions are summarized in Table 5-24. A 
qualitative evaluation of each study and data set excluded three data sets from fiirther analysis 
because of inadequacy in study methods (Table 5-25). Eadh ofthe remaining eight data sets was 
evaluated to determine its appropriateness for use as the basis of air criteria for TCE based on 
carcinogenic effects. Factors evaluated included: experimental design and potential exceedance 
ofthe maximum tolerated dose; consistency of results between inhalation and oral studies and 
results from animal studies of tetrachloroethene and human studies of TCE. 

Compelling evidence to downgrade any set of dose-response data based on limitations of 
the experimental design or exceedance of maximum tolerated doses is not present (Table 5-26), 
although the Henschler et al. (1980) mouse study (lymphomas) had the shortest duration of 
exposure and smallest group size/dose. Qualitatively, the overall evidence from animal TCE 
studies (inhalation and oral) and tetrachloroethene studies is strongest for liver and lung cancer, 
less stronger for testes tumors and kidney cancer, and weakest for mouse lymphoma 
(Table 5-27). However, the dismissal of a significant (p < 0.05) difference between the 
incidences of malignant lymphoma dosed female mice and a concurrent controls by the NTP 
(1990) based on historical data is questionable. As discussed in the Section 5.1 and as 
summarized in Table 5-28, human epidemiologic studies suggest that TCE exposure is a human 
risk factor for three cancers (liver and kidney cancers, and lymphoma) that TCE causes in 
animals. Human epidemiologic studies do not provide evidence to support the identification of 
TCE as a risk factor for lung cancer and testicular tumors. Nonetheless, potential TCE air 
criteria are derived from animal studies showing that TCE caused liver cancer, kidney cancer, 
lung cancer, testicular tumors, and malignant lymphoma. 

Low-Dose and Cross-Species Extrapolation Procedures 

Processes followed to extrapolate from animals to humans (cross-species extrapolation) 
and from experimental doses to environmental doses (low-dose extrapolation) for cancer are 
consistent with current US EPA recommendations (US EPA, 2005a) and are illustrated in Figure 
5-1. 

Cross-species extrapolations for cancer are based on default and PBPK-based approaches 
similar to the cross-species extrapolations described above for non-carcinogenic effects. In 
default-based cross-species extrapolations, lifetime average daily exposures (LADE), expressed 
as continuous TCE air concentrations, are estimated from experimental exposure conditions. In 
PBPK-based cross-species extrapolations, exposures are expressed as lifetime average daily 
doses (LADD) for a relevant dose metric. The LADD in animals is an estimate of daily 
cumulative internal dose (i.e., 24-hour AUC or the production of metabolites by the liver) 
estimated from experimental exposures. Selection of appropriate dose metrics for specific 
cancer sites is based on information about the specific cancer MOA and consideration of 
empirical relationships between the dose metric and cancer incidence. Both LADEs and LADDs 
are assumed to reflect exposures with equivalent risks to target tissues in animals and humans. 
This is consistent with the physical-chemical properties of TCE indicating it is a Category 3 gas 
characterized by ratios of animal to human bIood:air partition coefficients that generally exceed 
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1 (US EPA, 1994) and empirical observations that humans and animals exposed to the same 
LADE have the same lifetime excess risk of cancer (US EPA, 1992). 

For low-dose extrapolation, LADEs and LADDs and cancer incidence are modeled using 
maximum likelihood methods appropriate for dichotomous endpoints and US EPA (2001b) 
BMD Software Version 1.3 to estimate points-of-departure. Points-of-departure are the 95% 
lower confidence interval on the LADE or LADD associated with an extra risk above 
background of 5% or 10%, i.e., the BMDLos or BMDLio, depending upon the range of cancer 
incidence observed, which is consistent with US EPA guidelines (US EPA, 2000c). 

Two approaches were applied for low-dose extrapolations from the points-of-departure: 
linear and/or non-linear^ depending upon MOA information on the cancer/tumor type. The 
US EPA (2005a) guidelines for carcinogen risk assessment provides guidance on when to use 
linear or non-linear, or both, approaches to extrapolate from high to low exposure levels or 
doses. 

US EPA (2005a) guidelines recommend that: 

• Linear extrapolation should be used when there are MOA data to indicate that the 
dose-response curve is expected to have a linear component below the point-of-
departure. 

• A non-linear approach should be selected when there are sufficient data to ascertain 
the MOA and conclude that it is not linear at low-doses and the agent does not 
demonstrate mutagenic or other activity consistent with linearity at low-doses. 

The US EPA (2005a) guidelines also recommend that: 

• When the weight-of-evidence evaluation of all available data are insufficient to 
establish the MOA for a tumor site and when scientifically plausible based on the 
available data, linear extrapolation is used as a default approach, because linear 
extrapolation.generally is considered to be a health-protective approach. Non-linear 
approaches generally should not be used in cases where the MOA has not been 
ascertained. Where alternative approaches with significant biological support are 
available for the same tumor response and no scientific consensus favors a single 
approach, an assessment may present results based on more than one approach. 

The methods to derive air criteria based on linear and non-linear extrapolations applied to 
points-of-departure expressed as LADE or LADD are described in principle in Figure 5-1. In 
practice, these techniques are used in the derivation of all criteria based on LADE. They are 

The linear and non-linear low-dose extrapolation models and approaches are consistent with US EPA 
(2005a) guidelines for carcinogen risk assessment. A low-dose linear model (i.e., linear model) is one 
whose slope is greater than zero at a dose of zero. A linear model approximates a straight line only at 
very low-doses. A linear model can display curvature at higher doses near the observed data. A non-linear 
model can be a threshold model (which shows no response over a range of low-doses that include zero) or 
a non-threshold model (e.g., a quadratic model, which shows some response at all doses above zero). A 
non-linear model is one whose slope is zero at (and perhaps above) a dose of zero. The use of a non
linear model does not imply a biological threshold dose below which the response is zero. Estimating 
thresholds can be problematic; for example, a response that is not statistically significant can be consistent 
with a small risk that falls below an experiment's statistical power of detection. 
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used also in the derivation of the criteria derived using PBPK models and based on excess 
lifetime human cancer risk of one-in-one million (1 x 10"*). However, other PBPK-based risk-
specific criteria (i.e., 1x10"^ and 1 x 10"'*) and PBPK-based RfCs are derived directly from the 
1 x 1 0 * air concentration using a convenient and sufficiently accurate (see Section 2.5) 
approximation technique.* 

Selection of Uncertainty Factors for Non-Linear Low-Dose Extrapolation 

Scientific consensus has not yet been reached on the magnitude of uncertainty factors that 
should be applied to points-of-departure based on carcinogenic effects. However, current 
US EPA (2005a) cancer risk guidelines suggest that the magnitude ofthe uncertainty factor 
should depend on an evaluation ofthe same factors important to the derivation of RfCs based on 
non-carcinogenic effects (US EPA, 1994) and also those perhaps more relevant to carcinogenic 
effects. These latter factors include the nature of the response and the level ofthe response. 
These factors are discussed below. 

For malignant tumors induced in animals by TCE (i.e., liver, kidney, lung, and 
lymphoma), uncertainty factors of 50 or 100 are applied to points-of-departure based on a 5% 
(kidney cancer) or 10% increased risks (liver, lung, and lymphoma), respectively. Theoretically, 
this would reduce the increased cancer risk to below 0.1% (i.e., 5%/50 or 10%/100 = 0.1%). A 
0.1% probability of renal dysfunction in humans has been used in the derivation of criterion 
based on the non-carcinogenic effects of cadmium (NYS DOH, 1990). A 1% increased 
probability of cancer was used by Clewell and Andersen (2004) in their TCE risk assessment. 

For benign testicular tumors induced by TCE, which have a high spontaneous incidence 
in rats and a relatively infrequent progression to malignancy (Cook et al., 1999), an uncertainty 
factor of 10 is applied to the point-of-departure based on a 10% increased risk. The use of a 
smaller uncertainty factor is consistent with US EPA guidelines (US EPA, 2005a) and with 
suggestions by Clewell and Andersen (2004). 

An uncertainty factor of 10 is typically used to compensate for human variation in 
pharmacokinetics and pharmacodynamics (US EPA, 2002a; 2005a). However, an uncertainty 
factor of 30 is used to compensate for human variation in carcinogenic responses to TCE 
exposures. A larger uncertainty factor was indicated given the possible association between in 
utero exposures to TCE and childhood leukemia (Costas et al., 2002) and the likelihood that 
pregnant women will be in the population exposed to TCE in air. As noted above, animals and 
humans are assumed to be at equivalent risk for cancer given equivalent exposures, expressed as 
either LADEs or LADDs (Clewell and Andersen, 2004; US EPA, 1992), and thus, an additional 
uncertainty factor to account for possible greater sensitivity in humans compared to animals is 
not used. 

In this technique, which is consistent with methods used in Barton and Clewell (2000) and Clewell and 
Andersen (2004), the air concentrations associated with excess cancer risks of 1 x 10'' and 1 x 10"̂  are 
estimated by multiplying the 1x10"* air concentration by an appropriate factor assuming that, at 
relatively low exposure levels, the PBPK model exhibits a linear relationship between continuous 
inhalation exposure level and intemal dose (see Section 2.5). These factors are lOVlO"* (10) for 1 x 10"' 
excess cancer risk and lOVlO^ (100) for 1 x, 10"̂  excess cancer risk. Similarly, the factors for reference 
concentrations based on carcinogenic effects are estimated by multiplying the 1 x 10"* air concentration 
by the factor equal to the ratio ofthe 1x10'* LEF (Figure 5.1) to total uncertainty factor (UF) for the 
cancer/tumor type (i.e., = lO'/UF). . 
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Thus, the total uncertainty factors applied to points-of-departure based on carcinogenic 
effects are 3000 (liver and lung cancer, and malignant lymphoma), 1500 (kidney cancer) and 300 
(testicular tumors). However, the point-of-departure for kidney cancer is one-half of that for the 
other cancer/tumors (5% instead of 10%). 

In comparison, the US EPA (2001c) assessment ofthe carcinogenic effects of chloroform 
indicated that a margin-of-exposure of 2000 between human exposures and a point-of-departure 
based on a 10% increased incidence of liver tumors in animals was adequately protective of 
public health. This is equivalent to a total uncertainty factor of 2000. US EPA (2001c) did not, 
however, provide any indication of what margin-of-exposure (or total uncertainty factor) would 
not be protective of public health. 

For each ofthe five cancer/tumor types induced in animals by long-term exposure to TCE 
in air, potential TCE criteria were derived using methods consistent with the US EPA (2005a) 
guidelines for carcinogen risk assessment. For each cancer/tumor type, potential criteria are 
based on a default dose metric (LADE) for cross-species extrapolations and low-dose linear and 
non-linear extrapolations. In addition, potential criteria for each cancer/tumor type are based on 
at least one internal dose metric, depending on the cancer/tumor type, for cross-species 
extrapolations and linear and non-linear low-dose extrapolations. In all, 96 potential criteria are 
derived. However, scientific evidence does not support giving equal weight to all potential 
criteria. The next discussion summarizes the evidence in support ofthe recommended potential 
criteria for each cancer/tumor type. 

5.2.1 Potential Air Criteria Based on Liver Cancer in Mice 

Critical Study. Inhaled TCE has caused liver cancers in male Swiss mice and female 
B6C3F1 mice exposed for 7 hrs/day, 5 days/wk, for 78 weeks (Mahoni et al., 1986). As 
discussed earlier, this study is adequate for deriving TCE air criteria based on carcinogenic 
effects, and the dose-response data for male and female mice (Tables 5-29 and 5-30) are used to 
derive potential TCE air criteria based on liver cancer. 

Internal Dose Metric and MOA. Experimental evidence suggests that TCE-induced liver 
toxicity and cancer are probably caused by the toxic metabolites generated by the P450-
dependent oxidative pathway of TCE metabolism (Bull, 2000; Clewell and Andersen, 2004; 
US EPA, 2001a). Evidence in support of this consensus include pharmacokinetic and MOA data 
(Bull, 2000; Clewell and Andersen, 2004; Pereira, 2004; US EPA, 2001a), evidence for 
mutagenicity of some TCE metabolites (Section 4.0), animal bioassay data showing that 
oxidative metabolites (TCA, DCA, CH) cause liver cancer in rodents (Table 5-23), and evidence 
showing liver tumors associated with TCE exposure exhibit phenotypes characteristic of both 
TCA and DCA exposures (Bull, 2004). 

Absorbed TCE is rapidly converted to TCA and its concentrations in blood of all species 
tested are higher than those concentrations for other metabolites (DCA and CHL) produced by 
the oxidative metabolic pathway. This reflects both the production rate of TCA and its relative 
stability compared to DCA and choral. TCA is considered generally to be the metabolite of 
greatest relevance to TCE-induced liver cancer (Bull, 2000; Clewell and Andersen, 2004; US 
EPA, 2001a). Thus, the recommended intemal dose metric for use in cross-species and low-dose 
extrapolations for liver carcinogenesis is the production of TCA (AUC TCA expressed as 
mg-hour/L) (Rhomberg, 2000; US EPA, 2001a; Clewell and Andersen, 2004). Further, given 
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recent evidence that the fraction of TCA bound to plasma proteins may be as much as four times 
higher in humans than in mice (Lumpkin et al., 2003), the cumulative fraction of free TCA is the 
recommended TCA metric rather than total TCA, which has been used in the past. 

Bull (2000) and Clewell and Andersen (2004) summarized the supporting evidence for 
the MOA linked with TCE-induced liver cancer: genotoxicity and modification ofthe cell-
signaling pathways via peroxisome proliferation (mitogenesis), cytotoxicity (reparative 
hyperplasia), and hepatomegaly/cytomegaly (i.e., enlarged livers or cells). According to Bull 
(2004), the available data suggest that induction of liver tumors by TCE is caused by a 
modification of cell-signaling systems controlling rates of cell division and death. According to 
Clewell and Andersen (2004), the available data suggest that the primary carcinogenic insult in 
the liver produced by TCE exposure is the stimulation of increased cell proliferation in altered 
cells, probably due to the mitogenic activity ofthe metabolites TCA and DCA. 

Clewell and Andersen (2004) further state, however, that it is not possible to 
unequivocally eliminate the possibility that genotoxicity from oxidative metabolites may 
contribute to the development of liver tumors at low does. Thus, both genotoxic and high-dose 
epigenetic processes and all three oxidative metabolites may be involved. Moreover, the precise 
roles of each of these metabolites and the precise mechanisms and interrelationships involved are 
not completely known (Bull, 2000; Clewell and Andersen, 2004; US EPA, 2001a). 

Derivation of Potential Air Criteria. Potential air criteria based on liver cancer in mice 
are derived from estimates of LADE and LADE (intemal dose) using linear and non-linear low-
dose extrapolations (Table 5-31). All potential air criteria derived from a data set are based on 
the same point-of-departure (BMDLio for liver cancer incidence in mice). Criteria 
corresponding to risk-specific air concentrations are derived using linear low-dose methods (see 
Table 5-31). Criteria (RfC) based on non-linear, low-dose extrapolations are derived using a 
total uncertainty factor of 3000 (see previous discussion). 

Available information support clearly the use of AUC TCA (free, mg-hour/L) as the 
recommended dose metric for liver cancer. Thus, potential air criteria based on the LADD 
(AUC TCA, mg-hour/L) are given greater weight in the analysis than potential air criteria based 
on LADE (mcg/m^). 

Available information suggests a likely MOA for liver cancer that is non-linear, 
especially at higher doses (Clewell and Andersen, 2004; US EPA, 2001a). However, there are 
uncertainties in the data that preclude concluding definitively that genotoxicity does not 
contribute to liver carcinogenesis at low-doses, particularly because some carcinogenic 
metabolites of TCE (TCA, DCA, CHL) are mutagenic (Clewell and Andersen, 2004; US EPA, 
2001a). MOA data are insufficient to limh the low-dose extrapolation to either a linear or non
linear approach. Thus, potential air criteria using linear and non-linear low-dose extrapolations 
are given equal weight in the analysis. 

The recommended potential criteria based on liver cancers in mice are given below: 

Study 

Maltoni et al. 
(1986) 

Mice (sex and 
strain) 

female B6C3F1 
male Swiss 

TCE Air Concentration (mcg/m-*) 
Risk Specific Concentration 

Ix 10"* risk 
2.4 
1.4 

1x10"'risk 
24 
14 

1 X 10" risk 
240 
140 

RfC 

80 
48 
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Data to determine which ofthe two mouse strains is a more reliable surrogate for humans 
are unavailable. Thus, recommended potential TCE air criteria based on liver tumors in mice 
using a linear, low-dose extrapolation are 1.4, 14, and 140 mcg/m^ for excess lifetime human 
cancer risks of one-in-one-million (1 x 10"*), one-in-one-hundred thousand (1 x 10'̂ ) and one-in-
ten thousand (I x 10"'*), respectively. When a non-linear approach is used, the recommended 
potential air criterion (i.e., RfC for carcinogenic effects) is 48 mcg/m''. 

5.2.2 Potential Air Criteria Based on Kidney Cancer in Rats 

Critical Study. Inhaled TCE has caused kidney cancers in male rats exposed for 
7 hrs/day, 5 days/wk, for 104 weeks (Maltoni et al., 1986). As discussed earlier, this study is 
adequate for deriving a TCE air criteria based on carcinogenic effects, and the dose-response 
data (Tables 5-29 and 5-30) are used to derive potential TCE air criteria based on kidney cancer 
in male rats. 

Intemal Dose Metric and MOA. Experimental evidence suggests that TCE-induced 
toxicity and carcinogenesis is probably caused by toxic metabolites generated by GSH-
dependent metabolism of TCE (Clewell and Andersen, 2004; Lash et al., 2000; US EPA, 2001a). 
Beta-lyase and/or FMO (S-oxidase) catalyze conversion of a cysteine conjugate of TCE (DCVC) 
to cytotoxic and/or mutagenic metabolite(s). DCVC is a stable metabolite ofthe GSH-pathway 
and has been shown to be highly cytotoxic and mutagenic. Additionally, results of PBPK 
analyses show that the kidneys are exposed to significant amounts of TCE, largely as a resuh of 
their high rates of blood flow, and that production of metabolites from TCE via the GSH-
pathway occurs within the kidneys at appreciable rates (Lash et al., 2000). Evidence supporting 
the role of other reactive metabolites (e.g., alpha2-microglobulin, oxidative metabolites of TCE, 
formic acid) in kidney carcinogenesis is weaker than evidence supporting the importance of 
metabolites produced by the GSH-pathway (Clewell and Andersen, 2004; Lash et al., 2000). 
Thus, the recommended internal dose metric for use in cross-species and low-dose extrapolations 
for kidney carcinogenesis is the production of reactive species from DCVC (AUC DCVC 
expressed as mg-hour/L) (Clewell and Andersen, 2004; Rhomberg, 2000; US EPA, 2001a). 

Lash et al. (2000) summarized evidence supporting possible MOA for TCE-induced 
kidney cancer: peroxisome proliferation, accumulation ofthe protein alpha2-microglobulin, 
genotoxicity, and acute or chronic cytotoxicity. Lash et al. (2000) concluded that multiple MOA 
may be important in TCE induced kidney cancer, and that that different modes or combinations 
of MOA may be important at high or low-doses of TCE. At high doses, for example, severe 
oxidative stress, protein and DNA alkylation, and mitochondrial dysfunction could lead to 
cytotoxicity and cellular necrosis. At low-doses, for example, mild changes in mitochondrial 
dysfunction and oxidative stress could disrupt homeostasis and alter gene expression and cell 
growth. Clewell and Andersen (2004) came to similar conclusions, but also suggested that the 
most supportable MOA for TCE-induced kidney cancer appears to involve sustained reparative 
hyperplasia secondary to repeated toxicity from reactive metabolites produced via the GSH-
pathway. Some human data are consistent with this hypothesis (Bruning and Bolt, 2000). 

A genotoxic MOA in kidney carcinogenesis can not be excluded as DCVC is mutagenic 
and other reactive metabolites produced by the GSH-pathway are likely to be mutagenic. 
Moreover, kidney tumors are rare in animals, and in some studies, appear to arise spontaneously, 
which would support a genotoxic MOA. Maltoni et al. (1986) for example, did not report any 
kidney cytotoxicity in rats that developed kidney tumors. Moreover, human studies provide 
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evidence that somatic mutations in the VHL tumor suppressor gene, which is considered a risk 
factor for kidney cancer, are induced by TCE exposure and may lead to kidney cancer in TCE-
exposed individuals (Brauch et al., 1999; 2004; Bruning et al., 1999). Bruning and Bolt (2000) 
and Harth et al. (2005) suggested, however, that genotoxicity and cytotoxicity may both be 
necessary for the induction of human kidney cancer by TCE. Thus, genotoxic and epigenetic 
high-dose processes may contribute to kidney carcinogenesis. Lock and Reed (2006) came to a 
similar conclusion. 

Derivation of Potential Air Criteria. Potential air criteria based on kidney cancer in rats 
are derived from estimates of LADE and LADD (internal doses) using linear and non-linear low-
dose extrapolations (Table 5-32). All potential air criteria are derived from the same point-of-
departure (BMDLo5 for kidney cancer incidence in rats). A 5% BMR, rather than 10%, was 
chosen for the point-of-departure in this case because 5% was closer to the observed tumor 
incidence range in the critical study. Criteria corresponding to risk-specific air concentrations 
are derived using linear, low-dose methods (see Table 5-32). Criteria (RfCs) based on non
linear, low-dose extrapolations are derived using a total uncertainty factor of 1500 (see previous 
discussion). 

Available information supports the use AUC DCVC (mg-hour/L) as the intemal dose 
metric for kidney cancer. However, there remains some uncertainty associated with potential air 
criteria based on this intemal dose metric. Unresolved issues include the ability ofthe PBPK 
models to estimate accurately intemal doses of DCVC in rats and humans, and the level of 
evidence supporting the hypothesized MOA (Clewell and Andersen, 2004; Rhomberg, 2000; 
US EPA, 2001a). In view of these uncertainties, potential air criteria based on LADE (mcg/m'') 
and the internal dose metric (LADD as AUC DCVC, mg-hour/L) are given equal weight in the 
analysis. . 

MOA data suggest genotoxicity is unlikely to be the dominant process in kidney 
carcinogenesis at high doses and more likely that a process of damage and reparative hyperplasia 
is involved (Clewell and Andersen, 2004; US EPA, 2001a). These high-dose processes may not 
be linear at low-doses. Although evidence suggests that genotoxicity may be involved in the 
carcinogenic process at low-doses (Clewell and Andersen, 2004; US EPA, 2001a), it is 
insufficient to limit the low-dose extrapolation to either a linear or non-linear approach. Thus, 
potential air criteria derived using linear and non-linear low-dose extrapolations are given equal 
weight in the analysis. 

When LADE is the dose metric and linear low-dose extrapolation is used, recommended 
potential TCE air criteria based on kidney tumors in rats are 13, 130, and 1300 mcg/m^ for 
excess lifetime human cancer risks of 1 x 10"*, 1 x 10"̂ , and 1 x 10"'*, respectively. When the 
dose metric is AUC DCVC and linear, low-dose extrapolation is used, recommended potential 
TCE air criteria are 3100, 31,000 and 310,000 mcg/m for excess lifetime human cancer risks of 
1 X 10"*, 1 X 10"̂ , and 1 x 10'', respectively. Using a non-linear, low-dose extrapolation, 
recommended potential air criteria (i.e., RfCs for carcinogenic effects) are 430 mcg/m"'when 
LADE is the dose metric and 100,000 mcg/m^when AUC DCVC is the dose metric. 

5.2.3 Potential Air Criteria Based on Lung Cancer in Mice 

Critical Studies. Inhaled TCE has caused lung cancers in male Swiss mice and female 
B6C3F1 mice exposed for 7 hrs/day, 5 days/wk for 78 weeks (Maltoni et al., 1986). Inhaled 
TCE also has caused lung cancer in female ICR niice exposed 7 hrs/day, 5 days/wk for 104 
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weeks (Fukuda et al., 1983). As discussed earlier, these studies are adequate for deriving TCE 
air criteria based on carcinogenic effects, and the dose-response data for male (Swiss) and female 
(B6C3F1 and ICR) mice (Tables 5-29 and 5-30) are used to derive potential TCE air criteria 
based on lung cancer. 

Internal Dose Metric and MOA. Experimental evidence suggests that TCE-induced lung 
carcinogenesis is probably caused by the accumulation of CHL in lung cells (Clewell and 
Andersen, 2004; Green, 2000; US EPA, 2001a; 2002b). This accumulation is believed to resuh 
primarily from species- and site-specific metabolism of TCE transported to the lungs via the 
general circulation. Thus, the recommended internal dose metric for use in cross-species and 
low-dose extrapolations for lung carcinogenesis is the production of CHL (AUC CHL expressed 
as mg-hour/L) (Clewell and Andersen, 2004; Rhomberg, 2000; US EPA, 2001a). 

Experimental evidence suggests it is likely that lung tumors arise in mice exposed to TCE 
because of an accumulation of CHL in Clara cells, which causes cytotoxicity leading to 
compensatory cell replication, and eventually cancer (Clewell and Andersen, 2004; Green, 2000; 
US EPA, 2001a). Evidence supporting this hypothesized MOA comes from studies showing 
Clara-cell specific lesions in lungs of mice but not in rats similarly exposed; higher occurrence of 
Clara cells and lung CYP2E1 activity in mice compared to rats and humans; the limited ability of 
mice to metabolize CHL to less reactive agents; the clastogenicity and mutagenicity of CHL at 
high doses; and, the production of similar lesions by CHL itself, but not by TCA or TCOH 
(metabolites of TCE and CHL) (Clewell and Andersen, 2004; US EPA, 2001a; 2002b). 

Although a plausible MOA for TCE's tumorigenic effect in mouse lung likely involves 
sustained reparative hyperplasia secondary to repeated toxicity from CHL accumulating in Clara 
cells (Clewell and Andersen, 2004; Green, 2000) the genotoxicity of CHL also suggests a 
potential genotoxic mechanism for lung tumors, particularly at doses below the threshold for 
cytotoxicity. Thus, genotoxic and epigenetic high-dose processes may contribute to lung 
carcinogenesis. 

Derivation of Potential Air Criteria. Potential air criteria based on lung cancer in mice 
are derived from estimates of LADE and LADD (internal doses) using linear and non-linear low-
dose extrapolations (Tables 5-33a and 5-33b). All potential air criteria based on a single data 
set are derived from the same point-of-departure (BMDLio for lung cancer incidence in mice). 
Criteria corresponding to risk-specific air concentrations are derived using linear, low-dose 
methods (see Tables 5-33a and 5-33b). Criteria (RfCs) based on non-linear, low-dose 
extrapolations are derived using a total uncertainty factor of 3000 (see previous discussion). 

Although available information support the use AUC CHL (mg-hour/L) as the intemal 
dose metric for lung cancer, there remains some uncertainty associated with potential air criteria 
based on this internal dose metric. A major concern is the limited ability ofthe PBPK models to 
estimate accurately internal CHL doses (Clewell and Andersen, 2004; Rhomberg, 2000; 
US EPA, 2001a). Consequently, potential air criteria based on LADE (mcg/m^) are given 
greater weight in the analysis than criteria based on intemal dose metric (LADD as AUC CHL, 
mg-hour/L). 

Although a plausible MOA for TCE's tumorigenic effect in mouse lung likely involves 
sustained reparative hyperplasia secondary to repeated toxicity from accumulated CHL (Clewell 
and Andersen, 2004; Green, 2000), the genotoxicity of CHL also suggests a potential genotoxic 
mechanism for lung tumors, particularly at doses below the threshold for cytotoxicity. Thus, 
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MOA data are insufficient to limit the low-dose extrapolation to either a linear or a non-linear 
approach. Thus, potential air criteria derived using linear and non-linear low-dose extrapolations 
are given equal weight in the analysis. Recommended potential TCE criteria based on lung 
cancer in mice are given below. 

Study 

Maltoni et al. 
(1986) 

Fukuda et al. 
(1983) 

Mice (sex and 
strain) 

female B6C3F1 
male Swiss 

female ICR 

TCE Air Concentration (mcg/m"*) 
Risk Specific Concentration 

1 X 10"* risk 
2.7 
1.3 

1.4 

1x10"'risk 
27 
13 

14 

1 X 10"" risk 
270 
130 

140 

RfC 

90 
43 

47 

Data to determine which mouse strain or sex is a better human surrogate than others are 
unavailable. Thus, recommended potential TCE air criteria based on lung tumors in mice using a 
linear low-dose extrapolation are 1.3, 13, and 130 mcg/m"' for excess lifetime human cancer risks 
of 1 X 10"*, I X 10"^ and 1 x 10"'', respectively. When a non-linear approach is used, the 
recommended potential air criterion (i.e., RfC for carcinogenic effects) is 43 mcg/m .̂ 

5.2.4 Potential Air Criteria Based on Testicular Tumors in Rats 

Critical Study. Inhaled TCE has caused testicular tumors (Leydig cell adenomas) in male 
rats exposed for 7 hrs/day, 5 days/wk for 104 weeks (Maltoni et al., 1986). As discussed earlier, 
this study is adequate for deriving a TCE air criteria based on carcinogenic effects, and the dose-
response data (Tables 5-29 and 5-30) are used to derive potential TCE air criteria based on 
testicular tumors in rnale rats. 

Intemal Dose Metric and MOA. Experimental data do not convincingly identify TCE or 
one of its reactive metabolites as an important agent in TCE-induced testicular tumors (US EPA, 
2001a). Recent studies demonstrating that the epididymis can actively metabolize TCE via the 
oxidative pathway suggest that site-specific oxidative metabolism may be involved in testicular 
tumorigenicity and in the non-carcinogenic effects of TCE (Forkert et al., 2002; 2003; Lash, 
2004). In addition, Forkert et al. (2003) reported TCE and its oxidative metabolites accumulate 
in seminal fluid of workers exposed to TCE. However, much additional information is necessary 
before the importance of oxidative metabolites in the induction of testicular tumors in rats can be 
determined. 

Data are insufficient to support the use of a single intemal dose metric in the dose-
response assessment. Three internal dose metrics (AUC TCE and AUC TCA expressed as 
mg-hour/L and AUC total oxidative metabolites expressed as mg/g liver) are recommended for 
use in cross-species and low-dose extrapolations for testicular tumorigenesis. The first (AUC 
TCE) is used because at low levels of exposure TCE blood levels are probably a good surrogate 
for TCE levels in the testes. The second (AUC TCA) is used because of data that show the 
presence of oxidative metabolites in the testes and the identification of TCA as a primary 
oxidative metabolite. The third (total oxidative metabolites) is used under the assumption that a 
short-lived reactive unidentified species produced during the oxidative metabolism of TCE is 
responsible for the testicular tumors in rats. This is the weakest ofthe three internal dose 
metrics. 
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Experimental data have not clearly indicated a MOA for TCE-induced testicular tumors 
(US EPA, 2001a). A variety of testicular effects in mice and rats are associated with TCE 
exposure (Tables 3-11 and 3-12), which raises the possibility of more than one MOA. The 
US EPA (2001a) has discussed the possibility that the testiciilar tumors are associated with 
endocrine disturbance based on evidence of endocrine disturbance in both rats and humans 
exposed to TCE. However, there are several MOAs linked with endocrine disturbances, 
including peroxisome proliferation, leading to testicular tumors (Clegg et al., 1997; Cook et al., 
1999) and there is insufficient evidence to support any one MOA for TCE. 

Derivation of Potential Air Criteria. Potential air criteria based on testicular tumors 
(Leydig cell adenomas) in rats are derived from estimates of LADE and LADD (intemal doses) 
using linear and non-linear low-dose extrapolations (Table 5-34). All potential air criteria are 
derived from the same point-of-departure (BMDLio for testicular tumors in rats). Criteria 
corresponding to risk-specific air concentrations are estimated using linear, low-dose methods 
(see Table 5-34). Criteria (RfCs) based on non-linear, low-dose extrapolations are derived using 
a total uncertainty factor of 300 (see previous discussion). 

Given the limited information on possible MOAs for the induction of testicular tumors, 
potential criteria based on the default dose metric (LADE) and the linear, low-dose extrapolation 
are given greater weight than criteria based on internal dose metrics and non-linear, low-dose 
extrapolation. Thus, recommended potential TCE air criteria based on testicular tumors in rats 
are 0.9, 9.0, and 90 mcg/m"' for excess lifetime human cancer risk of 1 x 10"*, 1 x 10"̂ , and 
1 X 10"'', respectively. 

5.2.5 Potential Air Criteria Based on Malignant Lymphoma in Mice 

Critical Study. Inhaled TCE has caused malignant lymphoma in female mice exposed for 
6 hrs/day, 5 days/wk for 78 weeks (Henschler et al., 1980). As discussed earlier, this study is 
adequate for deriving a TCE air criteria based on carcinogenic effects, and the dose-response 
data (Tables 5-29 and 5-30) are used to derive potential TCE air criteria based on lymphomas in 
mice. 

Internal Dose Metric and MOA. Experimental data on potential agents for TCE-induced 
lymphomas are very weak (US EPA, 2001a). Data are insufficient to support the use of a single 
internal dose metric in the dose-response assessment. Three internal dose metrics (AUC TCE 
and AUC TCA expressed as mg-hour/L and AUC total oxidative metabolites expressed as 
mg/g liver) are recommended for use in cross-species and low-dose extrapolations for 
lymphogenesis. These metrics were chosen largely because of evidence supporting their use as 
metrics for other effects of TCE. 

Data describing a possible MOA for the induction of lymphoma in mice by TCE are very 
weak. US EPA (2001a) has noted that a possible immunosuppressive effect of TCE might 
contribute to the induction of lyrhphoma. However, data suggesting that TCE is 
immunosuppressive (ATSDR, 1997), particularly of cytotoxic T cells, natural killer cells, and 
macrophages that help rid the body of infected or transformed cells, are limited. Thus, data are 
insufficient to clearly suggest or define a possible MOA for TCE-induced mouse lymphomas. 

Derivation of Potential Air Criteria. Potential air criteria based on dose-response 
lymphomas in mice are derived from estimates of LADE and LADD (internal doses) using linear 
and non-linear low-dose extrapolations (Table 5-35). All potential air criteria are derived from 
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the same point-of-departure (BMDLio for lymphoma incidence in mice). Criteria corresponding 
to risk-specific air concentrations are derived using linear, low-dose methods (Table 5-35). 
Criteria (RfCs) based on non-linear, low-dose extrapolations are derived using a total uncertainty 
factor of 3000 (see previous discussion). 

Given the lack of information on possible MOA for the induction of lymphomas, 
potential criteria based on the default dose metric (LADE) and the linear, low-dose extrapolation 
are given greater weight than criteria based on internal dose metrics and non-linear, low-dose 
extrapolation. Thus, recommended potential TCE air criteria based on lymphomas in mice are 
0.3, 3.0, and 30 mcg/m^ for excess lifetime human cancer risk of 1 x 10"*, I x 10"^ and 1 x 10"̂ , 
respectively. 

5.3 Potential Air Criteria Based on the Potentially Increased Sensitivity of Children to the 
Carcinogenic Effects of Early-Life TCE Exposures 

Introduction 

Children may be at a greater carcinogenic risk from chemical exposures than are adults 
(US EPA, 2005b). This section discusses and derives, when appropriate, potential TCE criteria 
that explicitly compensate for the potential that children may be more sensitive to the 
carcinogenic effects of TCE than are adults. 

In Section 5.1, the results of human occupational studies were used to derive potential 
TCE air criteria using linear, low-dose extrapolation methods. These potential criteria (i.e., the 
TCE air concentrations associated with an excess lifetime human cancer risk of 1 x 10"*, 1 x 10"̂ , 
and 1 X 10"'', respectively) did not take into consideration the potential increased sensitivity of 
children to early-life TCE exposures. Rather, they were based on the assumption of equal cancer 
risks from equal childhood and adult exposures. 

In Section 5.2, the results of long-term animal studies of carcinogenesis, where TCE 
exposures did not begin until the rodents were 6-8 weeks old (i.e., after weaning and puberty), 
were used to derive potential TCE air criteria. Both non-linear and linear low-dose 
extrapolations were used. Potential criteria derived using non-linear methods were calculated 
with the use of a larger than usual uncertainty factor (30 rather than 10) to compensate for human 
variation. This was done given the possible increased risk of leukemia from early-life exposures 
(Costas et al., 2002) and the likelihood that children will be exposed to TCE in air. However, 
potential criteria derived using linear low-dose extrapolations methods did not take into 
consideration the potential increased sensitivity of children to early-life TCE exposures. They 
were, as were the human-based potential criteria, based on the assumption of equal cancer risks 
from equal childhood and adult exposures. Recently, the general validity of this assumption has 
been examined by the US EPA. 

In 2005, the US EPA released its Supplemental Guidance for Assessing Susceptibility 
from Early-Life Exposure to Carcinogens (US EPA, 2005b). This document provides guidance 
on how to adjust potency factors determined from typical animal studies. The US EPA (2005b), 
however, recommends that such adjustment be made only for those carcinogens acting through a 
mutagenic MOA. When the MOA cannot be established, the US EPA recommends the use of 
linear, low-dose extrapolation, without fiirther adjustment. When a MOA other than 
mutagenicity is established, US EPA recommends the use of either linear or non-linear low-dose 
extrapolation, dependent on the data, but without fiirther adjustment. 
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Ideally, potency adjustments should be based on chemical-specific data that directly 
assess the differential cancer susceptibilities of childhood and adult exposures (e.g., US EPA 
(2000d,e) assessment of vinyl chloride). In the absence of such data, the US EPA (2005b) 
recommends a default approach using potency estimates derived from typical chronic studies 
(i.e., inhalation unit risks) and adjustments to those potency estimates (called age-dependent 
adjustment factors or ADAFs). 

The recommended ADAFs represent, in the opinion of US EPA (2005b), a practical 
approach that reflects the results of its analysis ofthe carcinogenic risks of early-life exposures, 
"which concluded that cancer risks generally are higher from early-life exposures than from 
similar exposure durations later in life." The recommended ADAFs are: 

• a 10-fold adjustment to the unadjusted unit risk^ for exposures before 2 years of age (i.e., 
spanning a 2-year time interval from birth until a child's second birthday); 

• a 3-fold adjustment to the unadjusted unit risk for exposures between 2 and < 16 years of 
age (i.e., spanning a 14-year time interval from a child's second birthday until the 
16* birthday); 

• . an adjustment factor of 1 to the unadjusted unit risk for exposures after turning 16 years 
of age (i.e., no adjustment). 

5.3.1 Calculation of Potential Air Criteria 

Potential Criteria Based on Human Data 

The potential human criteria based on carcinogenic effects in humans are based on the 
incidence of NHL and esophageal cancer in workers exposed to TCE. The MOA for these 
cancers is unknown. Thus, potential air criteria adjusted for the potential increased sensitivity of 
children to early-life TCE exposures were not calculated from data on these cancers. 

Potential Criteria Based on Animal Data 

For liver, kidney, and lung cancers in animals exposed to TCE, the weight-of-evidence on 
the carcinogenic MOA for each cancer (see Section 5-2) suggest that mutagenicity 
(genotoxicity) may contribute to the carcinogenic process, especially at low doses. 
Consequently, potential criteria that compensate for the potential increased sensitivity of children 
to early-life TCE (i.e., adjusted criteria) were calculated, when possible, from the potential 
(unadjusted) criteria based on liver, kidney, and lung cancer in animals. For lymphomas and 
testes tumors in animals exposed to TCE, data are insufficient to identify a plausible MOA 
(Section 5-2). Thus, potential air criteria adjusted for the potential increased sensitivity of 
children to early-life TCE exposures were not calculated from these animal data. 

7 

Unadjusted inhalation unit risks can be calculated from the potential TCE criteria from this equation: 
unit risk = risk-specific level / risk-specific air concentration where unh risk = excess risk per 1 meg 
TCE/m ,̂ risk-specific level = 1 x 10"*, 1 x 10"', or 1x10"^, and risk-specific air concentration = species-
and organ-specific estimate of meg TCE/m^ associated with risk specific level of 1 x 10"*, 1 x 10"', or 
1x10"^ (i.e., potential TCE air criteria, see Tables 5-31 to 5-35). 
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Chemical-specific information on the differential sensitivities of young organisms and 
adults to the carcinogenic effects of TCE was not found. TCE-specific factors to adjust potential 
TCE air criteria to reflect age-dependent differences in carcinogenic potencies could not be 
made. Thus, US EPA (2005b) guidance was followed and the US EPA recommended defauh 
ADAFs were used to derive potential inhalation unit risks, and thus, potential TCE air criteria, 
that reflect the potential increased sensitivity of children to early-life TCE exposures. 

The US EPA (2005b) guidance for assessing the cancer risk of early-life (i.e., childhood 
exposures) also recommends consideration of life-stage differences in exposures to complement 
the consideration of life-stage differences in potency. In Section 5.2, cross-species 
extrapolations of dose from animals to humans were based on the defauh dose metric (lifetime 
average daily concentration, expressed as a continuous TCE air concentration) or organ-specific 
intemal doses estimates using PBPK mode|s for animals and humans. Due to the lack of 
validated TCE PBPK models for children and the additional uncertainties associated with 
estimating model parameter values for children, age-specific internal dose metrics were not 
calculated. Consequently, adjusted unit risks are based on the use of TCE air concentration 
(mg/m"') as the dose metric. 

The following example (based on kidney cancer) illustrates the use ofthe US EPA 
(2005b) recommended method to estimate the excess lifetime human cancer risk from 
continuous exposures to TCE under the assumption that children are more sensitive to the 
carcinogenic effects of TCE exposures than are adults. 

To calculate the lifetime risk for a population with average life expectancy of 70 years 
and continuously exposed from birth to death to an TCE air concentration of 1 mcg/m"', the risks 
associated with each ofthe three relevant time periods are calculated and then summed 
(Table 5-36). The three periods and the ADAFs are: 

• Risk during the first 2 years of life (where the ADAF = 10); 
• Risk for ages 2 through < 16 years of age (ADAF = 3); and 
• Risk for ages 16 until 70 years of age (ADAF = 1). 

If the unadjusted unit risk is 7.69 x 10"* per mg/m^ (which is the unit risk calculated from 
data on kidney cancer in rats. Table 5-32), then: 

• Risk (birth through < 2 years) = (7.69 x 10"* per mg/m )̂ x 10 (ADAF) x (1 mcg/m^) 
X 2 years/70 years; 
Risk = 2.20 X 10"*; 
Risk (2 years through < 16 years) = (7.69 x 10"* per mg/m )̂ x 3 (ADAF) x (1 mcg/m^) 
X 14 years/70 years; 
Risk = 4.62x10"*; 
Risk (16 years until 70 years) = (7.69 x 10"* per mg/m )̂ x 1 (ADAF) x (1 mcg/m^) 
X 54 years/70 years; 
Risk = 5.93x10"*; and 
Total excess lifetime risk = 2.20 x 10"* + 4.62 x 10"* + 5.93 x 10"* = 1.28 x 10"̂  
(Table 5-36). 

Thus, the excess lifetime risk from a 70-year continuous exposure to 1 meg TCE/m^ air is 
1.28 X 10"', or an excess risk of 1.38 x 10"' per 1 mcg/m ,̂ which is the adjusted unit risk. TCE 
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1x10 are 7.8, 78, and 780 mcg/m"', respectively, when based on the incidence of kidney cancer 
in rats (Table 5-37). 

Adjusted unit risks based on the incidence of liver or lung cancers in mice were also 
calculated using the same methodology (Table 5-36). The calculations are shown for the liver 
and lung dose-response data that gave the lowest potential criteria. These were the liver and lung 
dose-response data for male mice from Maltoni et al. (1986), which are found in Tables 5-31 
(liver) or 5-33a (lung). 

For liver cancer, the excess lifetime risk from continuous exposures to 1 meg TCE/m"' air 
is 9.19 X 10'^ or an adjusted unit risk of 9.19 x 10"' per I mcg/m .̂ TCE air concentrations 
associated with excess lifetime human cancer risks of 1 x 10" , 1 x 10"̂ , and 1 x 10""* are 1.1, 11, 
and 110 mcg/m , respectively. For lung cancer, the adjusted unit risk is 1.28 x 10" per 1 mcg/m 
and the TCE air concentrations associated with excess lifetime human cancer risks of 1 x 10" , 
1 X 10"̂ , and 1x10"'' are 0.78, 7.8, and 78 mcg/m"', respectively. Table 5-37 contains a 
comparison of potential air criteria based on the unadjusted (i.e., calculated using age-
independent potency) and adjusted (i.e., calculated with age-dependent potencies) unit risks. 

5.4 Recommended TCE Air Criteria Based on Carcinogenic Effects 

Criteria Based on Human Data 

The relative risk and exposure data from five epidemiologic studies (Anttila et al., 1995; 
Cohn et al., 1994; Hansen et al., 2001; Henschler et al., 1995a; Raaschou-Nielsen et al., 2003) 
were evaluated to determine if the data were sufficient for use to derive potential criteria. Only 
one study qualified (Hansen et al., 2001) and the data from that study were determined to be 
sufficient to derive potential criteria to check the plausibility of criteria based on animal data. 

Potential criteria were derived from Hansen et al. (2001) using two cancer sites (NHL 
and esophageal adenocarcinoma), three estimates ofthe mean duration of exposures (8.5, 9.8, or 
11.1 years), and two measures of relative risk (mean SIR or 95% upper confidence interval on 
the SIR). The weight-of-evidence from human and animal studies suggests the possibility of 
giving greater weight to the potential criteria based on NHL. However, the relatively little 
difference in the potential criteria based on NHL (e.g., 0.36 to 1.2 mcg/m^ for a 1 x 10* risk) and 
esophageal adenocarcinomas (e.g., 0.29 to 0.91 mcg/m^ for a 1 x 10"* risk) make such a decision 
unnecessary. Similarly, potential criteria also varied little with estimates ofthe mean duration of 
employment (i.e., TCE exposure), and all were given equal weight in the analysis. 

Potential criteria varied 2- to 3-fold with measures of relative risk. For estimates based 
on the upper bound estimate ofthe SIR, the arithmetic mean, geometric mean, and median ofthe 
estimates ofthe TCE air concentrations associated with an excess lifetime human risk of 1 x 10"*, 
1 X 10"̂  and 1 x lO""* are 0.4, 4, and 40 mcg/m"', respectively. For estimates based on the SIR, the 
arithmetic mean, geometric mean, and median ofthe six estimates ofthe TCE air concentrations 
associated with an excess lifetime human risk of 1 x 10"*, 1 x 10"̂ , and 1x10"'' are 0.9̂  9, and 90 
mcg/m ,̂ respectively. 

These criteria were derived primarily to check the plausibility of potential criteria based 
on animal data. Such estimates are based on the 95% upper confidence interval on the dose 
associated with a specified level of excess risk, which is consistent with US EPA (2005a) 
guidelines on carcinogen risk assessment. Thus, the recommended potential TCE criteria based 
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on NHL and esophageal cancer in humans are those based on the 95% upper confidence level on 
dose (i.e., 0.4, 4, and 40 mcg/m"' excess lifetime human cancer risks of 1 x 10"*, 1 x 10"̂  and 
1 x 10"'', respectively). 

Criteria Based on Animal Data 

Table 5-38 contains all the potential TCE air criteria based on carcinogenic effects in 
animals. These potential criteria were derived using recommended risk assessment methods 
(US EPA, 2005a,b) for the derivation of criteria from standard long-term animal studies. In 
addition, additional potential criteria (i.e., adjusted criteria under the LADE column of 
Table 5-38) were derived (when possible) based on cancer sites where MOA data supports a 
mutagenic component to carcinogenesis (i.e., liver, kidney and lung). These potential criteria 
were calculated using recommended methods (US EPA, 2005b) that explicitly compensate for 
the potentially increased sensitivity of children to early-life TCE exposures, although such 
evidence is lacking for TCE. The derivation of such criteria based on sites where MOA data are 
absent (i.e., testes and lymphoma) was not done, which is consistent with US EPA (2005b) 
recommendations. 

Recommended criteria based on each cancer (liver, kidney, lung, and lymphoma) or 
tumor (testes) induced in animals by TCE are contained in the shaded cells of Table 5-38. As 
discussed in Section 5.2, recommended criteria are based on dose metrics that are supported by 
pharmacokinetic and toxicologic data. Recommended criteria are also based on extrapolation 
methods (cross-species, low-dose, and if necessary, adult-children) that are consistent with 
US EPA cancer risk guidelines (US EPA, 2005a,b). 

The recommended TCE air criteria based on liver, kidney, lung, testes and lymphomas 
are not given equal weight in the selection of air criteria for use in the evaluation ofthe human 
cancer risks associated with exposure to TCE in air. Each ofthe recommended air criteria based 
on a specific cancer/tumors met certain requirements for inclusion. These have been discussed 
previously, and include the quality ofthe experimental study, the nature and severity ofthe dose-
response in the experimental studies, consistency within and among experimental studies and 
between animal and human studies, pharmacologic and toxicologic data on etiological agents 
and MOA for site-specific carcinogenesis or tumorigenesis, and confidence in the accuracy of 
PBPK models to estimate internal doses of agents thought to be linked closely with each 
cancer/tumor type. 

However, the evidence also indicates that the degree of confidence in the assumption that 
each animal cancer/tumor type is a valid surrogate for human cancers differs among the five 
types. This degree of confidence is used in the weighting process to determine which site-
specific criteria are selected as the air criteria for evaluating human cancer risks of inhaled TCE. 
A qualitative evaluation was used to determine the degree of confidence (higher or lower) that 
each site-specific cancer/tumor type is a valid surrogate for human cancer. The ranking is based 
largely on the likelihood that a potential or suspected MOA for carcinogenic effects in animals is 
present or possible in humans at the same site or at other sites. Site concordance between 
animals and humans shows the chemical induces a carcinogenic effect in the same organ, which 
suggests that humans and animals share a common MOA. It increases the weight-of-evidence 
for a common MOA. However, the lack of concordance, by itself, is insufficient for ranking the 
degree of confidence in an animal cancer lower rather than higher. Criteria based on site-specific 
cancers/tumors placed in the higher confidence category are those selected for consideration as 
air criteria for evaluating the human cancer risks of inhaled TCE. 
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Liver Cancer. Inhaled and oral TCE has caused liver cancers in male and female mice of 
different strains (Table 5-27). Oxidative metabolites of TCE have also caused liver cancer in 
male and female mice (Table 5-23). Thus, the carcinogenicity of TCE in the liver is not 
dependent on sex- or strain-specific factors in mice. TCE has not caused liver cancer in rats, 
although one TCE oxidative metabolite (DCA) has caused liver cancer in rats (Table 5-23). 
Humans produce the same TCE metabolites as mice and rats, including those important to the 
carcinogenic process (e.g., TCA), although there are species differences in the production rate of 
those metabolites. Evidence on MOA is inadequate to conclude that the processes that lead to 
liver cancer in mice cannot occur in humans. 

However, evidence supports the hypothesis that an important, perhaps primary, MOA for 
liver carcinogenesis in mice is dependent on peroxisome proliferation via interactions of TCE 
(and/or its metabolites TCA, DCA, and CH) with a peroxisome-proliferator-activated receptor, 
termed PPARa (US EPA, 2005d). Evidence from a variety of stiidies, including an acute study 
of mice without PPARa, shows that some ofthe effects associated with liver carcinogenesis in 
mice are PPARa dependent (Laughter et al., 2004). In addition, limited data suggest that 
humans are less sensitive than rodents to the liver effects of PPARa agonists (US EPA, 2005d). 
However, a consensus on the human relevance of PPARa agonists has not yet been achieved 
(Klaunig et al., 2003; Lai, 2004; Melnick, 2001; US EPA, 2005d). Thus, it is premature to 
dismiss the human relevance of mouse liver tumors because of concerns that a proposed MOA is 
unlikely in humans. More importantly, human epidemiologic data show an increased risk of 
liver cancer among workers exposed to TCE (Table 5-1), which would suggest that the human 
sensitivity to PPAR agonists may be higher than suggested by the limited data or that other MOA 
are involved. In either case, the human data counter the argument to dismiss entirely the human 
relevance of liver tumor in mice. Consequently, the degree of confidence in mouse liver cancers 
as valid surrogates for human cancer is ranked higher rather than lower. 

For criteria based on liver cancer, the recommended dose metric is AUC TCA (free, 
mg-hr/L), and both linear and non-linear, low-dose extrapolations are recommended 
(Table 5-39). The species-specific PBPK models that are used to derive the recommended TCE 
air criteria compensate for pharmacokinetic differences between mice and humans in both the, 
cross-species and low-dose extrapolations. The selected TCE air criteria using a linear, low-dose 
extrapolation are 1.4, 14, and 140 mcg/m^ for excess lifetime human cancer risks of 1 x 10"*, 
1x10"' and 1 x 10"'*, respectively (Table 5-39). When a non-linear approach is used, the 
selected air criterion (i.e., RfC for carcinogenic effects) is 48 mcg/m"' (Table 5-39). 

Kidney Cancer. Inhaled TCE has caused kidney cancer in male rats, and there is some 
evidence that ingested TCE has caused kidney cancer in male rats (Table 5-27). 
Tetrachloroethene, a related compound that has some metabolites in common with TCE, also has 
caused kidney cancer in rats (Table 5-27). Inhaled TCE has not induced kidney cancer in mice. 
The observation that kidney tumors are induced only in male rats may suggest a sex-specific 
factor, but its identity is unknown. However, humans produce the same TCE metabolites as rats, 
including those thought tO be important to kidney carcinogenesis. Evidence on MOA is 
inadequate to conclude that the processes that lead to kidney cancer in rats cannot occur in 
humans. Recent studies, for example, provide evidence for plausible MOA for TCE-induced 
kidney tumors (i.e., a mutation to a tumor suppressor gene). Moreover, human epidemiologic 
data show an increased risk of kidney cancer among workers exposed to TCE (Table 5-1). 
Consequently, the degree of confidence in rat kidney cancers as valid surrogates for human 
cancer is ranked higher rather than lower. 
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For criteria based on kidney cancer, the recommended dose metrics are LADE (mcg/m^) 
and DCVC AUC (mg-hour/L) and both linear and non-linear low-dose extrapolations are 
recommended (Table 5-39). Both dose metrics are used because although the species-specific 
PBPK models compensate for pharmacokinetic differences between rats and humans in both the 
cross-species and low-dose extrapolations, there remains some concerns that the models may not 
accurately describe intemal doses in animals and humans. 

When LADE is the dose metric and a linear, low-dose extrapolation is used, the selected 
TCE air criteria are 13, 130, and 1300 mcg/m^ for excess lifetime human cancer risks of 
1 X 10"*, 1 X 10"', and 1x10"'', respectively (Table 5-39). When these criteria are adjusted to 
compensate for the potentially increased sensitivity of children to the early-life TCE exposures, 
the adjusted criteria are 7.8, 78, and 780 mcg/m^ for excess lifetime human cancer risks of 
1 X 10"*, 1 X 10"', and 1x10"'', respectively (Table 5-39). The weight-of-evidence on MOA, 
however, suggests that additional effects of TCE exposures, besides mutagenicity, are involved 
in the carcinogenic process for the kidney. Children may or may not be more sensitive than 
adults to these effects of TCE exposures. Thus, it appears premature to dismiss potential criteria 
unadjusted for the potential increased sensitivity of children to early-life TCE exposures. Thus, 
both types of estimates are given equal weight in the analysis. 

When the dose metric is AUC DCVC and a linear, low-dose extrapolation is used, the 
selected TCE air criteria are 3100, 31,000 and 310,000 mcg/m"' for excess lifetime human cancer 
risks of 1 X 10"*, 1 x 10"', and 1 x 10"'', respectively (Table 5-39). Using a non-linear, low-dose 
extrapolation, the selected air criteria are 430 mcg/m^ when LADE is the dose metric and 
100,000 mcg/m^ when AUC DCVC is the dose metric (Table 5-39). 

Lung Cancer. Inhaled TCE has caused lung cancer in male and female mice of three 
strains and is thus not dependent entirely on sex- or strain-specific factors in mice (Table 5-27). 
Inhaled TCE has not induced lung cancer in rats. Pharmacokinetic and anatomical evidence 
suggests that mice lung cells are more sensitive to the carcinogenic effects of TCE than rats or 
humans (Clewell and Andersen, 2004; Green, 2000; US EPA, 2001a), and indicate that the lung 
carcinogenicity of TCE may be dependent largely on mouse-specific characteristics. Human 
epidemiologic data do not support the conclusion that TCE is a risk factor for lung cancer (see 
discussion in Section 5-1 and Table 5-28), which is consistent with the hypothesis that the MOA 
for mouse lung cancer is not operating in humans at occupational exposure levels. 
Consequently, the degree of confidence in mouse lung cancers as valid surrogates for human 
cancer is ranked lower rather than higher. Air criteria (Table 5-39) based on mouse lung cancers 
are given lesser weight in the selection of criteria for evaluating the human cancer risks of 
inhaled TCE. 

Testes Tumors. Inhaled TCE has caused testicular tumors in male rats (Table 5-27). 
Inhaled TCE has not induced testicular tumors in mice. Tetrachloroethene, a related compound 
that has metabolites in common with TCE, also caused testicular tumors in rats (Table 5-27). 
However, the TCE-induced testicular tumors in rats were benign (Leydig cell adenomas), and 
these tumors have a high spontaneous rate and have a low probability in rats of progressing to 
carcinoma in rats (Cook et al., 1999). In fact, Leydig cells adenomas are the most common 
neoplasm ofthe rat testes (Cook et al., 1999). Thus, they may not be reliable surrogates for 
testicular cancer in rats. Moreover, Leydig cell adenomas are rare in humans (about 
0.01%-0.03% of all tumors in men. Table 5-28); most testicular cancers in men arise from germ 
cells (90%) or Sertoli cells (Clegg et al., 1997). Moreover, only about 10% of Leydig cell 
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tumors are malignant. Thus, the occurrence of Leydig cell adenomas in rats may not be a 
reliable surrogate for testicular cancer in humans (Clegg et al., 1997; Cook et al., 1999). Limited 
epidemiologic data have not suggested that TCE exposure is a risk factor for testicular cancer in 
humans (see discussion in Section 5-1 and Table 5-28). Consequently, the degree of confidence 
in benign rat testicular tumors as valid surrogates for human cancer is ranked lower rather than 
higher. Air criteria (Table 5-39) based on benign rat testicular tumors are given lesser weight in 
the selection of criteria for evaluating the human cancer risks of inhaled TCE. 

Malignant Lymphoma. The evidence on the site-specific carcinogenicity of inhaled TCE 
in animals is weakest for malignant lymphoma. Lymphomas were related to TCE exposure in 
female NMRI mice exposed to TCE in air (two concentrations), and were possibility associated 
with oral TCE exposure in female mice (Table 5-27). Henschler et al. (1980) noted that female 
NMRI mice had a relatively high spontaneous rate of lymphoma, and endogenous viruses can 
induce lymphomas in mice (also see Hiai, 1996). However, Henschler et ah (1980) did not 
provide any data to establish the presence of viruses in the mice in their study or the presence of 
a greater rate of viral infection in both groups of TCE-exposed mice compared to unexposed 
control mice. The only known difference among the groups in the study was the TCE exposure 
levels of each group, and both groups exposed had a higher incidence of lymphomas than the 
group not exposed. In the absence of data to support an alternative explanation, the logical 
conclusion is that the differences were caused by the TCE. Moreover, mice are considered good 
animal models for human lymphoma (Pattengale, 1994), which provides some evidence that they 
share common MOAs. In addition, epidemiologic data show an increased risk of NHL among 
workers exposed to TCE (Hansen et al., 2001; Raaschou-Nielsen et al., 2003; Wartenberg et al., 
2000a) and an increased risk of NHL of among people exposed to organic solvents. 
Consequently, the degree of confidence in mouse lymphomas as valid surrogates for human 
cancer is ranked higher rather than lower. Air criteria (Table 5-39) based on mouse lymphoma 
are given greater weight in the selection of criteria for evaluating the human cancer risks of 
inhaled TCE. In addition, potential human cancer risk based on the increased incidence of NHL 
among Hansen et al. (2001) cohort of TCE workers are presented in Section 5.1 and Table 5-18. 

Summary 

The evidence supports the use of potential criteria based on the incidence of NHL and 
esophageal cancer in an occupational study of TCE workers (Hansen et al., 2001) as a check on 
the plausibility ofthe potential criteria based on the incidence of cancers in animals exposed to 
TCE in air for their lifetime. The evidence from the animal and human studies supports giving 
greater weight to recommended criteria based on cancers ofthe liver or kidney or malignant 
lymphomas in animals than to criteria based on other sites (lung cancer and benign testes tumors) 
in animals. However, the evidence did not support giving greater weight to a range of risk-
specific criteria based on liver cancer, kidney cancer, or malignant lymphoma or a RfC based on 
liver or kidney cancer. 

Confidence in the selection of only those criteria based on the default dose metric (TCE 
air concentration) is weakened by the evidence that indicates that TCE metabolites, rather than 
TCE itself, are the active agents in some TCE-induced cancers (Clewell and Andersen, 2004; 
US EPA 2001a). It is also weakened by pharmacokinetic data showing non-linear relationships 
between administered TCE dose and production of TCE metabolites and pharmacokinetic and 
pharmacodynamic differences between animals and humans (ATSDR, 1997; Lash et al., 2000) 
that may not be adequately described by the default methodology. 
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Criteria based on estimates of intemal dose based on PBPK models compensate 
somewhat for known pharmacokinetic differences between humans and animals. However, there 
remain some uncertainties regarding the most appropriate internal dose metric for each 
cancer/tumor type. This stems from uncertainty in the critical step(s) in the carcinogenic process 
and the etiological agent for each step. There are also concems about the accuracy ofthe 
estimates of internal doses at environmental TCE levels. 

Collectively, these uncertainties support the use of all recommended criteria based on 
cancer ofthe liver and kidney and malignant lymphomas in animals (Table 5-39) in the 
derivation of a guideline for evaluating the potential human health effects of TCE in air. In 
addition, the plausibility of these criteria in comparison to the potential criteria calculated from 
the human data should also be considered in the derivation of a TCE guideline. 

6.0 CURRENT STANDARDS AND GUIDELINES 

Occupational Standards and Guidelines 

The current Occupational Safety and Health Administration (OSHA) standards for 
workplace exposure to TCE are 537 mg/m^ (100 ppm) averaged over an 8-hour work shift, a 
5-minute maximum peak in any 2 hours of 1612 mg/m^(300 ppm), and a 5-minute ceiling of 
1074 mg/m^ (200 ppm) (Table 6-1). The American Conference of Governmental Industrial 
Hygienists (ACGIH) has set a short-term exposure limit (STEL) of 537 mg/m"' (100 ppm) for 15 
minutes of exposure and a TLV TWA of 269 mg/m"' (50 ppm) for an 8-hour workshift of a 40-
hour work week. The National Institute for Occupational Safety and Health (NIOSH) has a 
recommended exposure limh (REL, TWA) of 134 mg/m"' (25 ppm) for a 10-hour workday of a 
40-hour work week. 

ATSDR (1997) Minimal Risk Levels 

ATSDR has an acute duration inhalation MRL of 10.8 mg/m"'for TCE in air (Table 6-1). 
It is based on a LOEL for neurological effects in human volunteers exposed to 1074 mg/m"'TCE 
for 7 hrs/day for 5 days (Stewart et al., 1970). The MRL was calculated by converting the 
intermittent experimental exposure to continuous exposure using a factor based on time 
(experimental concentration x 7 hrs/24 hours), and by dividing the continuous exposure 
concentration by a total uncertainty factor of 30. Uncertainty factors of 10 and three were used 
to account for human variability and use of a LOEL instead of a NOEL, respectively. An acute 
MRL for inhalation exposure is an estimate of daily human exposure to an air concentration of a 
chemical that is likely to be without an appreciable risk of adverse non-carcinogenic effects over 
14 days or less of exposure. 

ATSDR has an intermediate duration MRL of 0.54 mg/m^ (540 mcg/m"') based on a 
LOEL for neurological effects in rats. It is based on a study of male JCL-Wistar rats exposed to 
TCE concentration in air ranging from 0 to 1.6 x 10"* mcg/m"' for 5 days/wk, 8 hrs/day for 
6 weeks (Arito et al., 1994). The MRL was calculated by converting the experimental 
intermittent exposure to continuous exposure using a factor based on time (i.e., experimental 
concentration x 8 hrs/24 hours), using inhaled dose to extrapolate exposure from mice to humans 
(a pharmacokinetic adjustment), and the dividing the human equivalent concentration by a total 
uncertainty factor of 300. The use of inhaled dose is inconsistent with the US EPA (1994) 
recommended methods for the derivation of RfCs based on the systemic effects of Category 3 
gases such as TCE. Uncertiainty factors of 3, 10, and 10 were used to account for interspecies 

128 

AR100500



variability in pharmacodynamics, human variability, and the use of a LOEL instead of a NOEL, 
respectively. An intermediate MRL for inhalation exposure is an estimate of daily human 
exposure to an air concentration of a chemical that is likely to be without an appreciable risk of 
adverse non-carcinogenic effects over 15-364 days of exposure. 

A chronic inhalation MRL to evaluate the potential health risks of TCE exposures 365 
days or longer was not derived by ATSDR. 

New York State Guideline Concentrations 

In 1975, the NYS DEC derived ambient air guidelines for TCE that are used to help 
control industrial emissions to ambient air (NYS DEC, 2003). The Annual Guideline 
Concentration (AGC) for TCE is 0.5 mcg/m"', and corresponds to an excess human cancer risk 
level of one-in-one-million assuming continuous exposure for a lifetime. The source of this 
value was a unit risk derived in 1990 by the Califomia Department of Health Services (CA DHS, 
1990; CA EPA, 2002). The unit risk (2 x 10'* per mcg/m"') is the geometric mean calculated for 
four exposure-response relationships using a linearized multi-stage procedure and metabolized 
dose (PBPK). The four relationships were liver cancers in male mice (Bell et al., 1978; Maltoni 
et al. 1986), lung cancers in female mice (Fukuda et al., 1983), and malignant lymphomas in 
female mice (Henschler et al., 1980). The Short-term (1-hour) Guideline Concentration (SGC) 
for TCE is 54 mg/m"'. The source of this value was the ACGIH STEL (537 mg/m"'). It was 
divided by 10 to obtain the SGC because the ACGIH values are applicable to healthy workers 
while SGCs are applicable to the general population, which includes sensitive individuals. 

Water Quality Standards 

NYS has a groundwater and surface water quality standard of 5 mcg/L for TCE to protect 
drinking water sources (NYS DEC, 1998). 

Drinking Water Standards 

TCE is regulated under the Safe Drinking Water Act (SDWA) of 1986. Under the 
SDWA the federal maximum contaminant level (MCL) for TCE is 5 mcg/L. In 1988, the 
NYS DOH promulgated a drinking water standard of 5 mcg/L (NYS DOH, 1988). 

7.0 POTENTIAL SOURCES OF EXPOSURE 

TCE in Air 

NYS DEC collected data on outdoor air concentrations of air toxics under the Toxic Air 
Monitoring System. Twenty-four hour samples for TCE analysis were taken every 6 days at 25 
monitoring locations across NYS. Two of these stations were near known sources of TCE and 
were not included in the summary data in Table 7-1. From 1990-1998, ambient air samples 
were collected using multi-sorbent tubes, and the TCE air concentrations ranged from not-
detected (less than 0.11 mcg/m"') to 8.4 mcg/m^ (Table 7-1). From 1999-2000, air samples were 
collected in evacuated whole air canisters, and the ambient TCE air concentrations ranged from 
not-detected (less than 0.11 mcg/m^) to 6.5 mcg/m^ (Table 7-1). 

US EPA Building Assessment and Survey Evaluation (BASE 1994-1996) measured 
VOCs (including TCE) in air inside and outside of 100 randomly selected public and private 
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office buildings across the US. For all 100 buildings, 6-liter whole air samples were collected 
into passivated, evacuated air canisters over a nominal 9-hour period and were analyzed using 
US EPA Method TO-M (reporting limits of 0.6 to 1.6 mcg/m ). For 70 ofthe buildings, another 
set of samples were collected by passing 2.5 liter air samples across multi-sorbent tubes over an 
8-hour period and analyzing the samples using US EPA Method TO-1 (reporting limits of 
0.2 to 0.4 mcg/m^). 

For outdoor air, the frequencies of non-detects were 81% for canister samples and 71% 
for tube samples. For indoor air, the frequencies of non-detects were 72% for canister samples 
and 44 % for tube samples. For outdoor air, concentrations for canister samples ranged from less 
than 0.6 mcg/m"' to 14 mcg/m"' (mean = 1.0 mcg/m^); concentrations for tube samples ranged 
from less than 0.2 mcg/m^ to 2.0 mcg/m^ (mean = 0.24 mcg/m^). For indoor air, concentrations 
for canister samples ranged from less than 0.6 mcg/m^ to 88 mcg/m"' (mean = 2.6 mcg/m^); 
concentrations for tube samples ranged from less than 0.2 mcg/m"' to 18 mcg/m^ 
(mean = 0.8 mcg/m"'). The means were calculated by assuming a value of one-half the reporting 
limit for the sample when the sample concentration was reported as less than the reporting limit. 
Lower detection limits with the tube method may have contributed to the observed differences in 
the results between the two methods. In addition, the means were from different sample sizes 
(all 100 building were sampled with the canisters whereas only 70 ofthe building were sampled 
using multi-sorbent tubes). 

In a Study of Volatile Organic Chemicals in Air of Fuel Oil Heated Homes, NYS DOH 
collected 2-hour indoor and outdoor air samples using the evacuated whole air canister method 
(NYS DOH, 2003). For outdoor air, TCE was not detected in 89% ofthe 203 outdoor samples 
with a range of less than 0.25 mcg/m"' to 1.3 mcg/m^ and a 90* percentile concentration of 
0.27 mcg/m"'. For indoor air, TCE was not detected in 81% ofthe 406 indoor samples with a 
range of less than 0.25 mcg/m"' to 25 mcg/m^ and a 90'** percentile concentration of 0.48 mcg/m"'. 

In the Relationships of Indoor, Outdoor and Personal Air study, investigators measured 
indoor and outdoor air concentrations of TCE during two 48-hour sampling periods in different 
seasons between the summer of 1999 and the spring of 2001 (Weisel et al., 2005). The study 
included 100 homes in each of three cities with different air pollution sources and weather 
conditions: Los Angeles CA, Houston TX, and Elizabeth NJ. All the TCE air samples were 
collected on 3M Brand Organic Vapor Monitor badges. The badges are passive sampling 
devices that allows TCE in air to pass through a diffusion membrane and adsorb onto carbon 
impregnated pads. A solvent is used to extract the TCE from the pad and the extract is analyzed 
by gas chromatography/mass spectroscopy. For outdoor air, TCE was not detected in 67% ofthe 
555 outdoor samples with a range from 0.04 mcg/m^ to 1.9 mcg/m"' (99"̂  percentile 
concentration). For indoor air, TCE was not detected in 59% ofthe 554 indoor samples with a 
range from 0.04 mcg/m"' to 7.8 mcg/m"' (99* percentile concentration). 

TCE in Water 

Detection of TCE in surface and groundwater is not unusual in developed areas where it 
was used, accidentally spilled, or where there was improper disposal of products or wastes 
containing TCE. Data from assessments of surface, ground and potable water conducted by 
various federal and state agencies are summarized below. ' 

The United States Geological Survey (USGS) assessed the concentration of VOCs in 
untreated groundwater from 2948 wells between 1985 and 1995 (Squillace et al., 1999). The 
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samples were drawn from urban and rural areas and drinking and non-drinking-water wells with 
no known point source of contamination prior to sampling. TCE was detected in 11.6% ofthe 
urban wells and 1.6% ofthe rural wells. While concentrations of TCE above US EPA's drinking 
water standard (MCL) of 5 mcg/L were detected in some rural and urban well samples, median 
TCE concentrations for both urban and rural well samples were below 1 mcg/L. Ofthe drinking 
water wells sampled, 2.5% and 0.4% of urban and rural wells respectively, had TCE 
concentrations above the MCL. 

The USGS inventoried the occurrence and distribution of VOCs in finished drinking 
water in roughly 20% ofthe 10,049 community water systems in 12 states in the Northeast and 
Mid-Atlantic Region ofthe US from 1993-1998 (Grady and Casey, 2001). Random, 
representative (e.g., system size, water source) water samples from 2110 water systems were 
analyzed (including 538 NYS water systems). The samples were from water systems that relied 
upon surface or groundwater or a combination of surface and groundwater sources. The results 
showed that less than 5% ofthe water systems had detectable concentrations of TCE in finished 
water samples. The USGS study found that detectable levels of solvents, including TCE, were 
associated with densely populated urban areas. 

NYS DOH's Wadsworth Center environmental service laboratories are supported by an 
intemally developed data management system called the Environmental Laboratory Data And 
Reporting System (ELDARS). ELDARS is a continuous database going back to 1972, providing 
access to both historical and current data. The ELDARS database includes data from monitoring 
and surveillance sampling for community water supply systems in NYS. A review of ELDARS 
data indicated TCE was detected in roughly 1% of monitoring and surveillance samples collected 
from NYS community water supply systems from 1994-2004. This monitoring and surveillance 
data represent samples of finished water from selected municipal, school, small community, 
commercial or industrial water supplies. Less than 0.3% ofthe samples contained TCE above 
the US EPA drinking water standard (MCL) of 5 mcg/L. 

TCE in Foods 

TCE has reportedly been detected in decaffeinated coffee, some spice extracts, and some 
foods. In 2003, the US FDA released the Total Diet study, based on a survey of market baskets 
(36) conducted across the United States, In that study, TCE was occasionally detected in a 
variety of food products (US FDA, 2003a). However, only a subset of foods was tested for TCE 
and other VOCs. TCE was detected infrequently in samples of meat, processed chicken and fish 
products, bakery items, dairy products, snack foods, and some fruits and vegetablesi The range 
of concentrations detected in all individual samples was 0.002 ppm, or meg/gram, to 
0.3 meg/gram. Average TCE concentrations for different food product categories ranged from 
0.002 meg/gram to 0.072 meg/gram (avocado). Within each food product category, the 
frequency of samples found to have detectable concentrations of TCE was 25% or less, with 
most categories having fewer than five samples with detectable concentrations. 

i 

An estimated daily intake for the general US population calculated using the mean 
concentration of TCE detected in specific foods from US FDA's market basket survey (US FDA, 
2003a), and average consumption for those foods for the general United States population from 
the national food consumption survey data (US FDA, 2003b), would be 1.5 meg/day. Data from 
the national food consumption survey are also available for certain age groups, and for males and 
females. If the lowest concentrations measured in the foods are used with the lowest 
consumption amounts of each food (across age group and sex), the estimated TCE intake is 
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0.06 meg/day. When the highest measured concentrations of TCE in the foods and the highest 
consumption amounts (across age group and sex) are used, the estimated intake is 5.9 meg/day. 

8.0 TCE AIR GUIDELINE 

8.1 Recommended TCE Air Criteria and Uncertainties 

As discussed in the Introduction, air criteria characterize human non-carcinogenic or 
carcinogenic health risks associated with chemical exposures. They are based solely on 
toxicologic data and science-based assessments on relationships between contaminant air 
concentrations and human health risks. They do not reflect consideration of other factors, such 
as background concentrations and analytical capabilities. 

In Section 3.6, a TCE air concentration of 10 mcg/m^ is recommended as the TCE 
criterion based on the non-carcinogenic effects of TCE. This criterion is based on an evaluation 
of human and animal dose-response data indicating the primary targets of non-carcinogenic 
effects of TCE are the CNS, liver, kidney, male reproductive system, and embryos, fetuses, and 
neonates (developmental toxicity). This criterion is estimated (under an assumption of 
continuous exposure) to provide the general population, including sensitive lifestages or 
populations of infants, children, the infirm and elderly, a sufficient margin-of-exposure over air 
concentrations of TCE associated with non-carcinogenic effects in humans and animals 
(i.e., RftCs). 

In Section 5.4, a range of TCE air concentrations are recommended as TCE air criteria 
based on the carcinogenic effects of TCE. 

Basis 

Recommended Criteria (mcg/m^) 
Animal 

Kidney 
Defauh PBPK 

Liver 
PBPK 

Lymphoma 
Default 

Human 
NHL/Esophagus 

Defauh 
Excess Risks (linear extrapolation) 

1 X 10"* 
1 X 10"' 
1 X 10""* 

RfC (non-linear extrapolation) 

7.8* 
78* 

780* 
430 

3100 
31,000 

310,000 
100,000 

1.4 
14 

140 
48 

0.3 
3 

30 
none 

0.4 
4 

40 
none 

* Calculated using age-dependent adjustment factors applied to unit risk estimate to compensate 
for potential increased sensitivity of children (US EPA, 2005b). 

When linear, low-dose extrapolation is used, TCE air criteria are air concentrations 
associated with an excess lifetime human cancer risk of 1 x 10"*, 1 x 10"', and 1 x 10"'', 
respectively, assuming lifetime continuous exposures to TCE. When non-linear, low-dose 
extrapolation is used, TCE air criteria are the air concentrations estimated (under an assumption 
of continuous exposure) to provide the general population a sufficient margin-of-exposure over 
air concentrations of TCE associated with carcinogenic effects in humans and animals (i.e., RfCs 
for cancer). 

Each ofthe recommended health-based TCE criterion is derived using standard human 
health risk assessment methods (e.g., US EPA, 1994; 2000a,b; 2002a; 2005a,b). Nonetheless, 
there remains, as with most risk assessments, a degree of uncertainty about the likelihood of 
health effects at specific TCE air concentrations, including concentrations near or at various 
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criteria. This uncertainty is unavoidable because assumptions and choices are necessary to 
bridge gaps in the data required to perform low-to-high dose and cross-species extrapolations. 
Health-protective assumptions and choices are often used in lieu of missing data (NRC, 1994; 
US GAO, 2001). Health-protective choices are those that more often than not lead to an 
overestimation of risk for most people. 

Below are some examples of assumptions or choices that are necessary to derive TCE air 
criteria from studies on effects of TCE on animals or humans: 

• The assumption that effects that occur at high TCE doses or exposures may also occur at 
lower doses or exposures, but generally less frequently or less severely. 

• The assumption that TCE can cause certain effects in human (e.g., male reproductive 
system effects and congenital heart defects) because it caused them in animals. 

• The assumption that effects that occur after oral doses of TCE also occur after inhalation 
exposures to TCE. 

• The choice to give greater weight to a point-of-departure value based on the most 
sensitive effect of TCE in the most sensitive species, unless there are compelling data to 
support an alternative choice. This assumes the potency for TCE to cause effects in 
humans is similar to the potency indicated by the most sensitive effect in the most 
sensitive species. 

• The choice to use an uncertainty factor for a particular area of uncertainty or variation 
unless there are strong and compelling TCE-specific data that the uncertainty factor is not 
needed. 

• The use of a defauh 10-fold uncertainty factor for each area of uncertainty or variation, 
unless there are strong and compelling TCE-specific data to support the use of an 
alternative, typically smaller value. 

• The assumption that individual uncertainty factors are independent of each other, thus, 
the total uncertainty factor is the product ofthe individual uncertainty factors. It is likely 
however, that uncertainty factors are not independent of one another and represent 
uncertainty/variation that is dependent on some ofthe same pharmacokinetic and 
pharmacodynamic factors (Calabrese and Gilbert, 1993; Gaylor and Kodell, 2000; 
US EPA, 2002a). This multiplication of uncertainty factors to obtain a total uncertainty 
factor may result in "double-counting." 

• The choice to use lower bound estimates of dose or exposures, instead of average 
estimates of dose or exposure (i.e., maximum likelihood estimates), as the point-of-
departure for some non-carcinogenic and carcinogenic effects. 

• The choice to give greater weight to criteria based on the dose metric that yields the 
lowest criterion, unless there are compelling data to support an altemative choice. 

Certain other assumptions or choices made during derivations of TCE criteria, however, 
could lead to an underestimate of risk under certain circumstances. 
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• Humans, including sensitive lifestages during critical periods of development, may be 
more sensitive to TCE than the most sensitive animal species identified for a particular 
effect. If so, the use of a intraspecies (human variation) uncertainty factor of 10 in the 
derivation of criteria based on non-carcinogenic effects (e.g., liver, kidney effects, 
developmental, and male reproductive system effects), or even the use of a larger 
intraspecies uncertainty factor (30) in the derivation of criteria based on CNS effects may 
be inadequate to compensate fiilly for this greater sensitivity. Similarly, the assumption 
that animals and humans have equal lifetime cancer risk at equal lifetime intemal dose 
concentrations in derivations of criteria based on carcinogenic effects may underestimate 
risk if humans are more sensitive than animals to the same internal dose of TCE. 

• Children may be at a greater carcinogenic risk from chemical exposures than are adults 
(NRC, 1993). US EPA (2005b) has provided guidance on how to adjust criteria derived 
from typical animal studies (as were TCE criteria) to compensate for potentially 
increased sensitivity of children to early-life exposures. The US EPA suggested limiting 
the use of adjustment factors to carcinogens that have a mutagenic MOA, which could 
include TCE (i.e., kidney and liver cancers in animals). 

This guidance was followed in derivations of recommended criteria based on kidney 
cancer and a default dose metric (TCE air concentration). It was not used in derivations 
of recommended criteria based on kidney or liver cancer and an intemal dose metric 
(i.e., AUC DCVC or AUC TCA). Such analyses were precluded by the lack of a 
validated TCE PBPK model for children and the additional uncertainties associated with 
estimating model parameter values for children. 

• Humans may be at greater carcinogenic risk from chemical exposures than indicated by 
the calculated risk for any single type of cancer, particularly for a chemical (such as TCE) 
that causes cancer at multiple sites in a species (NAS, 1994). The degree to which the 
risk may be underestimated depends on the number of cancer types the chemical cause in 
a species and the potency ofthe chemical to cause each cancer type in a species. 

• The completeness and quality ofthe toxicologic database on non-carcinogenic effects of 
TCE is incomplete. Scientific limitations associated with critical studies used in 
derivations of criteria based on non-carcinogenic effects (e.g., liver, kidney, heart, and 
male reproductive system) decrease confidence in derived criteria. Although the 
selection and magnitude of uncertainty factors used to derive criteria compensate for 
some of these study limitations, uncertainty factors may not completely compensate for 
incomplete or poor quality experimental or observational data. In addition, additional 
data in other areas (e.g., developmental neurotoxicity and immunotoxicity) are necessary 
to fully characterize the potential health risks of inhaled TCE. 

The likelihood of detecting non-carcinogenic effects, if any, at low air concentrations 
near or at criteria is small. Effects are likely to be small or mild, confounded by other factors, 
and present in only some people. Similarly, the exact degree of risk at low air concentrations 
may never be known because the risk is generally too small or too confounded by other factors to 
measure in the general population, for instance, the high rates of cancer (1 in 2 or 3) in the 
general population. 
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8.2 Derivation of a TCE Guideline 

As discussed in the Introduction, the TCE air guideline can be used by itself to help make 
decisions about TCE exposures. It is also one ofthe tools used to help guide decisions about 
how to manage and reduce potential health risks from a specific source. For example, the 
urgency for cortective actions increases as air levels increase, especially when air levels are 
above the guideline (see NYS DOH fact sheet. Appendix 1). 

The TCE air guideline is not based solely on consideration of health-based criteria. Other 
factors considered in guideline derivation include analytical techniques (the ability and reliability 
of methods to measure TCE in air), background levels of TCE in air, and gaps in the toxicologic 
database. Any TCE guideline must be, by itself, protective of public health. Thus, starting 
points in the derivation ofthe guideline are health-based criteria, which can be used to evaluate 
the potential for non-carcinogenic and carcinogenic effects from exposures to TCE in air. 

The NYS DOH air guideline for TCE was set using a combination of risk assessment and 
risk management considerations. The guideline should be health protective even under the 
assumption of lifetime continuous exposure, although such an exposure scenario is very unlikely 
for almost all people. 

One health-based consideration in the derivation of a TCE air guideline is that the 
guideline should not exceed the lowest TCE recommended criterion based on non-carcinogenic 
effects (see Table 8-1). Consequently, the guideline should not be any higher than the 
recommended criterion of 10 mcg/m"', which is based on non-carcinogenic effects of TCE on the 
CNS of humans. 

A second health-based consideration in guideline derivation is that the estimated excess 
lifetime human cancer risk at the guideline, assuming continuous exposure, should not exceed 
1 X 10"'', approaching 1x10"* as practical. At 10 mcg/m"', upper-bound estimates of excess 
lifetime human cancer risks are 7 x 10"*, 1 x 10'*, and 3x10" when based on data for liver 
cancer, kidney cancer, and malignant lymphoma in animals, respectively. When upper-bound 
estimates are based on human data (considered less reliable than animal data for use in dose-
response assessment), the estimated excess lifetime human cancer risk at 10 mcg/m"' is 2 x 10"'. 
These estimated risk levels are in the lower end ofthe risk range (1 x 10'* to 1 x 10"'') that is 
generally used by regulatory agencies when setting guidelines or standards. For example, this 
risk range has been used to guide clean-up decisions within the US EPA Superfund Program 
(CFR,2004). 

The TCE air guideline should meet certain practical requirements. In most cases, the 
guideline should not be below background concentrations. Background concentrations for 
volatile chemicals such as TCE depends to some extent on how sampling locations and 
conditions are selected. Generally, sampling locations are selected not to be near known sources 
of volatile chemicals (for example, a home not near a chemical spill, a hazardous waste site, a 
dry cleaner, or a factory). In some studies, criteria for sampling indoor air may require checking 
containers of volatile chemicals to make sure they are tightly closed or removing those products 
before samples are taken. NYS DOH has used several sources of information on background 
levels of TCE in indoor and outdoor air. The results of these studies indicates that background 
concentrations of TCE in indoor and outdoor air are mostly less than 1 mcg/m^ (Table 7-1). 
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A second practical requirement of a TCE air guideline is the ability to measure the 
guideline concentration in air using routine, cost-effective analytical methods. NYS Law 
requires laboratories analyzing environmental samples from NYS to have current Environmental 
Laboratory Approval Program (ELAP) certification for appropriate analyte/matrix combinations. 
At present, samples must be analyzed by methods that can achieve minimum reporting limits to 
allow for assessments such as comparison to background levels (e.g., TCE, this value is mostly 
less than 1 mcg/m^) and an evaluation of health risks. Thus, a laboratory certified by NYS 
should be capable of detecting TCE in air and measuring it reliably at the appropriate reporting 
limit (typically 0.25-1 mcg/m"'). 

Consideration of health-related factors in addition to background levels and analytical 
capabilities led to a reduction ofthe TCE guideline by 2-fold to 5 mcg/m .̂ This decision was 
based partly on residual concems in three toxicologic areas: (1) gaps on the non-carcinogenic 
effects of TCE, including gaps in the data on developmental effects and immunotoxicity, (2) 
concerns about adequacy of methods for evaluating health risks to children, and (3) concems 
about human carcinogenicity of TCE. 

Although there are a large number of studies on the toxicity of TCE, there are 
methodological limitations in many ofthe studies used to derive criteria based on the non-
carcinogenic effects of TCE on CNS, liver, and kidney (see earlier discussion, also Barton and 
Das, 1996). These limitations include small sample sizes, short exposure periods, and poorly 
documented exposures or dose rates. A major limitation is the lack of well designed, conducted, 
and reported chronic studies assessing the non-carcinogenic effects of inhalation exposures in 
rats and mice. ATSDR (1997) did not derive a chronic inhalation MRL because of data gaps on 
the non-carcinogenic effects of TCE, including concems about the limited information on 
reproductive toxicity and immunotoxicity-. These data gaps support a reduction ofthe tentative 
guideline of 10 mcg/m"'. 

Congenital heart defects in animals and humans is a developmental endpoint associated 
with TCE exposures during pregnancy. The weight-of-evidence on the relationship between 
TCE exposure and heart defects does not prove or disprove conclusively a causal relationship 
between TCE exposure and the incidence of congenital heart defects. Additional animal studies, 
MOA studies and epidemiologic studies, including prospective studies designed to provide 
exposure-response information on birth defects and TCE exposures, are needed to remove the 
uncertainty associated with this critical developmental endpoint. This data gap supports a 
reduction ofthe tentative guideline of 10 mcg/m .̂ 

Immunotoxicity was recently identified as a potential health risk from TCE (NAS, 2006). 
Data are sufficient to indicate that TCE can alter the immune system of animals, and human data 
suggest that TCE exposures may be associated with onset of autoimmune diseases. Limited 
dose-response data from oral studies in animals do not indicate that the immune system is 
substantially more sensitive to TCE than other systems or organs (Barton and Clewell, 2000; 
US EPA, 2001a). Similar results were obtained from the single published article on the 
immunotoxic effects of inhaled TCE in aniihals (Kaneko et al., 2000). However, one recent 
study (Peden-Adams et al., 2006) provides evidence that the developing immune system may be 
more sensitive than the adult immune system to alterations by TCE. Collectively, these data 
(and data gaps) indicate that additional studies on the immunological effects of TCE are needed. 
This data gap supports a reduction ofthe tentative guideline of 10 mcg/m"'. 
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Consensus methods to evaluate the potential health risks from exposures during 
childhood have not yet been developed. The methods used to derive child-specific criteria based 
on central nervous systems effects, liver, or kidney effects are consistent with recommended 
methods for dosimetric adjustments from adults to children (pharmacokinetics) and with the 
organ/system specific toxicity data for TCE (pharmacodynamics). However, there remains the 
possibility that the resultant criteria might underestimate risks to children. This concern supports 
a reduction of the tentative guideline of 10 mcg/m"'. 

Another reason for reducing the tentative guideline stems from data on human 
carcinogenicity of TCE, including human-based estimates of excess lifetime cancer risks at TCE 
air concentrations. lARC (1995) currently classifies TCE "as probably carcinogenic to humans" 
based on "sufficient evidence" of carcinogenicity in experimental animals and "limited 
evidence" of carcinogenicity in humans. Moreover, additional positive human epidemiologic 
studies have been published since the lARC determination. This increases concem about the 
magnitude of estimated excess lifetime cancer risks at a TCE guideline. At 10 mcg/m"', these 
risks range from 1x10" to 3 x 10"'. This concern supports a reduction ofthe tentative guideline 
of 10 mcg/m"'. 

A factor of 2 was chosen to account for the additional concems outlined above and 
resulted in a TCE guideline of 5 mcg/m . This increases the margins-of-exposure between the 
guideline and TCE air concentrations known or suspected of causing health effects in humans 
and animals and decreases the cancer risks associated with the TCE air concentration at the 
guideline (Table 8-1). Concentrations around 5 mcg/m' are accurately measurable using routine, 
cost-effective methods and are unlikely to be infiuenced by analytical variability to the extent as 
lower concentrations. The guideline is also above almost all background concentrations; one 
survey (Weisel et al., 2005) reported a 95th percentile of 4.2 mcg/m' and a 99th percentile of 
7.8 mcg/m'. 

8.3 Uses of the Guideline 

General 

The TCE air guideline is a ceiling air concentration used to help guide decisions about 
the nature ofthe efforts to manage and reduce TCE exposure (see Appendix 1, Trichloroethene 
Fact Sheet). Reasonable and practical actions should be taken to reduce TCE exposure when 
indoor air levels are above background, even when they are below the guideline. The urgency to 
take actions increases as air levels increase, especially when air levels are above the guideline. 
The goal ofthe recommended actions is to reduce TCE levels in indoor air to as close to 
background as practical. The guideline is a tool for anyone to use in any situation. 

Specific Use - Soil Vapor Intrusion 

As stated in the Introduction, the TCE air guideline can be used along with other tools to 
manage and reduce the potential human health risks from a specific source. It was used in the 
Soil Vapor/Indoor Air Matrix 1 (Figure l-I), which is the decision-making tool for NYS's 
approach to mitigating soil TCE vapor intrusion into indoor air (NYS DOH, 2005b; 2006). The 
matrix is a display ofthe actions recomrnended for mitigating human exposures when soil vapors 
are present and/or intrude into buildings from environmental sources and people are exposed. 

137 

AR100509



Upon re-evaluation ofthe matrix during preparation of this document and another NYS 
DOH document (Guidance for Evaluating Soil Vapor Intmsion in the State of New York; NYS 
DOH, 2006), the NYS DOH has revised its Soil Vapor/Indoor Air Matrix 1 (see Figure 1-1 and 
Appendix 6). A major revision (as shown in Table 8-2) decreases the minimum TCE indoor air 
concentrations where mitigation is recommended from 2.5 mcg/m' to 1 mcg/m' when soil gas 
concentrations and the potential for soil vapor intrusion are moderate (sub-slab concentrations 
are equal to or greater than 50 mcg/m' but less than 250 mcg/m') (Table 8-2, and Appendix 6). 
This change increases the range of indoor air concentrations that NYS DOH will take actions to 
reduce or monitor exposures, even at air concentrations less than the guideline of 5 mcg/m'. 

8.4 Summary 

The NYS DOH has set a guideline of 5 mcg/m' for TCE in air. In setting this level, the 
possibility that certain members ofthe population (infants, children, the elderly, and those with 
pre-existing health conditions) may be especially sensitive to the effects of TCE was considered. 
There remains, as with most guidelines, a degree of uncertainty about the likelihood of health 
effects at concentrations near or at the TCE guideline. This uncertainty is unavoidable because 
inferring risks at exposure levels substantially below those associated with observable effects in 
animal or human studies is an uncertain process and our knowledge of toxicologic effects of 
TCE is not complete. 

For most, if not all, people, exposure to air concentrations above, but near the guideline, 
will not cause health effects. The differences between exposure at the guideline and exposure 
levels known to cause effects in humans and animals are large. These differences reduce the 
likelihood of human effects. In addition, the guideline is based on the assumption that people are 
continuously exposed to TCE in air all day, every day for as long as a lifetime. Continuous 
exposure is rarely true for most people, who, if exposed, are more likely to be exposed for a part 
ofthe day and part of their lifetime. 

The guideline is not a bright line between air concentrations that cause health effects and 
those that do not. The purpose ofthe guideline is to help guide decisions about the nature ofthe 
efforts to reduce TCE exposure. In all cases, the specific corrective actions to be taken depend 
on a case-by-case evaluation ofthe situation. The goal ofthe recommended actions is to reduce 
TCE levels in air to as close to background as practical. 
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Figure 1-1. Soil Vapor/Indoor Air Matrix 1 October 2006. 

SUB-SLAB VAPOR 
CONCENTRATION of: 
GOMPOUND (mcg/rn^ ; 

<5 

5 to < 50 

50 to < 250 

250 and above 

;•••;; v" •;•. . ;; |;.'•̂ . ;V::: C'C, '•'' iNDppftAIR CONCENTRATION of COMPOlMD (mcg/m')';;V-' y'[''-^W':^=:::>^' ' S W 

<0.25 

1. No further action 

5. No further action 

9. MONITOR 

13. MITIGATE 

0.25 to < 1 

2. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

6. MONITOR 

10. MONITOR / MITIGATE 

14. MITIGATE 

1 to < 5.0 

3. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

7. MONITOR 

11. MITIGATE ' 

15. MITIGATE 

5.0 and above 

4. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

8. MITIGATE 

12. MITIGATE 

16. MITIGATE 

No further action: 
Given that the compound was not detected in the indoor air sample and that the concentration detected in the sub-slab vapor sample is not expected to 
significantly affect indoor air quality, no additional actions are needed to address human exposures. 

Take reasonable and practical actions to identify source(s) and reduce exposures: 
The concentration detected in the indoor air sample is likely due to indoor and/or outdoor sources rather than soil vapor intrusion given the 
concentration detected in the sub-slab vapor sample. Therefore, steps should be taken to identify potential source(s) and to reduce exposures 
accordingly (e.g.. by keeping containers tightly capped or by storing volatile organic compound-containing products in places where people do not 
spend much time, such as a garage or outdoor shed). Resampling may be recommended to demonstrate the effectiveness of actions taken to reduce 
exposures. ' 

MONITOR: 
Monitoring, including sub-slab vapor, basement air, lowest occupied living space air, and outdoor air sampling, is needed to determine whether 
concentrations in the indoor air or sub-slab vapor have changed. Monitoring may also be needed to determine whether existing building conditions 
(e.g., positive pressure heating, ventilation and air-conditioning systems) are maintaining the desired mitigation endpoint and to determine whether 
changes are needed. The type and frequency of monitoring is determined on a site-specific and building-specific basis, taking into account applicable 
environmental data and builditig operating conditions. Monitoring is an interim measure required to evaluate exposures related to soil vapor intrusion 
until contaminated environmental media are remediated. 

MITIGATE: 
Mitigation is needed to minimize current or potential exposures associated with soil vapor intrusion. The most common mitigation methods are 
sealing preferential pathways in conjunction with installing a sub-slab depressurization system, and changing the pressurization ofthe building in 
conjunction with monitoring. The type, or combination of types, of mitigation is determined on a building-specific basis, taking into account building 
construction and operating conditions. Mitigation is considered a temporary measure implemented to address exposures related to soil vapor intrusion 
until contaminated environmental media are remediated. 

MONITOR/MITIGATE: 
Monitoring or mitigation may be recommended after considering the magnitude of sub-slab vapor and indoor air concentrations along with building-
and site-specific conditions. 
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ADDITIONAL NOTES FOR MATRIX 1 

This matrix summarizes the minimum actions recommended to address current and potential exposures related to soil vapor intnision. To use the matrix appropriately 
as a tool in the decision-making process, the following should be noted: 

[ 1 ] The matrix is generic. As such, it may be appropriate to modify a recommended action to accommodate building-specific conditions (e.g., dirt floor in basement, 
crawl spaces, etc.) and/or factors provided in Section 3.2 of the guidance (e.g., current land use, environmental conditions, etc.). For example, resampling may be 
recommended when the matrix indicates "no further action" for a particular tiuilding, but the results of adjacent buildings (especially sub-slab vapor results) 
indicate a need to take actions to address exposures related to soil vapor intrusion. Additionally, actions more protective of public health than those specified 
within the matrix may be proposed at any time. For example, the party implementing the actions may decide to install sub-slab depressurization systems on 
buildings where the matrix indicates "no further action" or "monitoring." Such an action is usually undertaken for reasons other than public health (e.g., seeking 
community acceptance, reducing excessive costs, etc.). 

[2] Actions provided in the matrix are specific to addressing human exposures. Implementation of these actions does not preclude investigating possible sources of 
vapor contamination, nor does it preclude remediating contaminated soil vapors or the source of soil vapor contamination. 

[3] Appropriate care should be taken during all aspects of sample collection to ensure that high quality data are obtained. Since the data are being used in the 
decision-making process, the laboratory analyzing the environmental samples must have current Environmental Laboratory Approval Program (ELAP) 
certification for the appropriate analyte and environmental matrix combinations. Furthermore, samples should be analyzed by methods that can achieve a 
minimum reporting limit of 0.25 microgram per cubic meter for indoor and outdoor air samples. For sub-slab vapor samples, a minimum reporting limit of 5 
micrograms per cubic meter is recommended for buildings with full slab foundations, and I microgram per cubic meter for buildings with less than a full slab 
foundation. 

[4] Sub-slab vapor and indoor air samples are typically collected when the likelihood of soil vapor inUusion to occur is considered to be the greatest (i.e., worst-case 
conditions). If samples are collected at other times (typicall);, samples collected outside ofthe heating season), then resampling during worst-case conditions may 
be appropriate to verify that actions taken to address exposures related to soil vapor intrusion are protective of human health. 

[5] When current exposures are attributed to sources other than soil vapor intrusion, the agencies should be given documentation (e.g., applicable environmental data, 
completed indoor air sampling questionnaire, digital photographs, etc.) to support a proposed action other than that provided in the matrix box and to support 
agency assessment and follow-up. 

[6] The party responsible for implementing the recommended actions will differ depending upon several factors, including the identified source ofthe volatile 
chemicals, the environmental remediation program, and site-specific and building-specific conditions. For example, to the extent that all site data and site 
conditions demonstrate that soil vapor intrusion is not occurring and that the potential for soil vapor intrusion to occur is not likely, the soil vapor intrusion 
investigation would be considered complete. In general, if indoor exposures represent a concem due to indoor sources, then the State will provide guidance to the 
property owner and/or tenant on ways to reduce their exposure. If indoor exposures represent a concem due to outdoor sources, then the NYSDEC will decide 
who is responsible for further investigation and any necessary remediation. De[)ending upon the outdoor source, this responsibility may or rnay not fall upon the 
party conducting the soil vapor intrusion investigation. 
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Figure 2-L TCE Metabolism (taken from US EPA, 2005c). 
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CDH = chloral dehydrogenase (aldehyde oxidase); EHR = enterohepatic 
recirculation; FA = formic acid; FMO = flavin-containing monooxygenase; 
GA = glyoxylic acid; OA = oxalic acid; TCE-O-P450 = oxygenated TCE-
cytocluome P450 transition state complex; TCOG = TCOH glucuronide; 
UGT = UDP glucuronosyl transferase; BL = cysteine conjugate p-lyase; 
CGDP = cysteinyl-glycine dipeptidase; DCVCS = DCVC sulfoxide; DCVG = 
diclilorovinyl glutathione; DCVSH = dichlorovmyl mercaptan; GGTP = y-
glutamyl tianspeptidase; NADCVC = N-acetyl dichlorovinylcysteine; 
NAT = N-acetyl transferase. 
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Figure 3-1. Derivation of TCE Air Criteria Based on Non-Carcinogenic Effects Observed in Animals. 
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UFs = Uncertainty Factors used in non-linear cancer reference concentration derivation 
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Figure 5-1. Derivation of TCE Air Criteria Based on Carcinogenic Effects Observed in Animals. 
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Table 3-0. Comparison of Default Dose Extrapolations from Rodents to Humans at Varying Ages. Based on Continuous 
Inhalation Exposure for a Category 3 Gas at 1 mg/m' in Rodents. 

Human 
Age" 

1 month old 
6 months old 

1 year old 
5 years old 

adult 

Human Equivalent Concentration (HEC)(mg/m') 

Default Extrapolation via mg/kg/day intake' 
HEC based on 
ILSr mouse 

2.32 
4.18 
4.17 
4.94 
8.8 

HEC based on 
ILSr rat 

1.05 
1.9 
1.9 

2.24 
4.0 

HEC Using US EPA (1994) 
Category 3 Gas Adult 
Dosimetry Guidance'' 

• HEC = [(C)(I,)/(BW,)][(BWh)/(lv,)l 
where: 

HEC = human equivalent concentration in air (mg/m'') 
C = continuous rodent exposure concentration in air (mg/m'') 
I, = rodent inhalation rate (m'/day) 
BWr = rodent body weight (kg) 
Ih = human inhalation rate (m /day) 
BWh = human body weight (kg) 

" AgC'Specific body weights and inhalation rates for children are from US EPA (20000- Standard bodyweight (70 kg) and 
inhalation rate (20 m'/day) are used for adults. 

' Rodent parameters from Intemational Life Sciences Institute (ILSI, 1994): approximate mean adult body weights and mean 
inhalation rates (= 1.5 X alveolar ventilation rate) are 0.035'kg and 0.088 m /day for mice and 0.4 kg and 0.457 mVday for rats. 

'' Maximum Category 3' default dosimetric adjustment factor when animal blood:air partitioning coefficient > human blood:air 
partitioning coefficient. 

178 

AR100548



Table 3-1. Summary of Lowest Reported Effect Levels (BOLDED) for CNS Effects after Inhalation Exposure to TCE. 

Study Reference 
Species/Strain 
Effect or Highest Level 
Exposure Conditions 

CNS Endpoint 

Biochemical Changes 
in Brain 

Behavior Electrophysiology Endpoints Evaluated 
and Not Affected 

;Gerbtls?.., - ' : < r 7 , - > ' - C<7S""7-5. - ' ' ' ^ 4 . . ' , . - ' M b ^ . ' *-;„V.. '4;^ ' " t c ' ^ t t : . V ' - V i ' r i ^ ^ -_ - ' - ^ r f l ^ ' 
Haglid elal.(1981) 
Mongolian gerbils, n=12/group 
0,322, 1720 mg/m'continuous, 3 months 
Kyrklund etal. (1984) 
Mongolian gerbils, n=unspecified 
0,914 mg/m', continuous, 5 months 
0,2687 mg/m', 8 hrs/day, 5 months 
Briving etal. (1986) 
Mongolian gerbils, n=6/group 
0 269, 806 mt,/m'continuous, 12 months 

-I-

(proteins, DNA) 

+ 
(proteins, fatty acids, 

phospholipids) 

+ 
(glutamate, GABA 

uptake) 

brain weight 

cerebellum weight 

brain weight 

Rats ' > , - ^ - ' , • „ -" ' ' " .-. 1 

Kulig (1987) 
Rats (CPB:wu wistar), n=8/group 
0, 2687, 5374, 8061 mg/m' 
16 hrs/day, 5 days/wk, 18 wks 

Rebert etal. (1991) 
Rats (Long Evans), n= 10/group 
0, 8598,17,196 mg/m' 
12 hrs/day, 12 wks 
Crofton and Zhao (1997) 
Rats (Long-Evans, male), n=8 to 10/group 
0,4299, 8599,12,898 and 17,198 mg/m' 
6 hrs/day, 5 days/wk, 13 wks 
Arito etal. (1994) 
Rats (JCL-Wistar), n= 5/group 
0,269,537, 1612 mg/m' 
8 hrs/day, 5 days/wk, 6 wks 

+ 
(decreased discrimination 

task performance) 

+ 
(decreased sensory 
evoked potential) 

+ 
(increased mid-frequency 

hearing loss) 

(decreased wakefulness) 

spontaneous activity 
grip strength 
coordinated hindlimb 

movement 
nerve conduction velocity 

gross appearance 
behavior 

; Hiihans:;5 :>iSSi;te-^' Iv'^si'-Vag'; iyi;:.; rPi'S'ri^Si^y^^^i^l^^^^^M'i^k^S^ 
Rasmussen etal. (1993) 
Degreasers, n=99 
11 mg/m' (based on urinary TCA 
and PBPK modeling) 

-1-

(decreased motor 
coordination, cranial nerve 

dysfunction) 
••-I-" Denotes statistically significant effects (p<0.05). 
Endpoints Evaluated and Not Affected: Statistically significant differences were not observed. 
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Table 3-2. Derivation of TCE Air Criterion Based on CNS Effects in Humans. 

Study Internal Dose Metric 
(mean urinary TCA level) 

Rasmussen et al. (1993) 
Species: Humans 
Exposure Conditions: Workplace 
Effects: Motor coordination deficits, CNS 
, symptoms (nausea, headache, dizziness 

fatigue, drowsiness) 

7.7 mg/L 

Point-of-departure: LOEL 7.7 mg/L* 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Lifestage sensitivity (pharmacodynamics) 
Subchronic to Chronic 
TOTAL 

Adult 
10 
10 . 
-

10 
1000 

Childhood 
10 
10 
3 
3 

1000 

Air Criterion (mcg/m ) 11 11 
• • • — ' ' T 

* Human equivalent concentration (11 mg TCE/m air) corresponding to the point-of-
departure (concurrent mean urinary TCA concentration ofthe affected workers) was 
back-calculated using a human PBPK model. Child equivalent concentration (11 mg 
TCE/m'') is obtained by applying an uncertainty factor of 1 to the human equivalent 
concentration (see Section 3.1.4 for details). 
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Table 3-3. Derivation of TCE Air Criteria Based on CNS Effects in Rats. 

Study 

Arito etal. (1994) 
Species (strain): 

Rats (JCL-Wistar) 
Exposure Conditions: 

8 hrs/day, 5 days/wk, 6 wks 
Effect: Decreased Wakefiilness 

Point-of-Departure: LOEL' 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Lifestage sensitivity (pharmacodynamics) 
Interspecies 
Short-term to Chronic 
TOTAL 

Air Criteria (mcg/m')* 

Experi mental 

Exposure Level 
(mg/m^) 

0 
269 
537 
1612 

269 

Adult 
10 
10 

3 
10 

3000 

90 

Childhood 
10 
10 
3 
3 
10 

10,000 

27 

Equivalent Dose Metric 
from PBPK Model 

Peak TCE (mg/L) 

0 
1.2 
2.6 
15.5 

1.2 

Adult 
10 
10 

3 
10 

3000 

170 

Childhood 
10 
10 
3 
3 
10 

10,000 

51 

Peak TCOH (mg/L) 

0 
0.87 
1.86 
3.62 

0.87 

Adult 
10 
10 

3 
10 

3000 

13 

Childhood 
10 
10 
3 
3 
10 

10,000 

3.9 

' The study did not provide sufficient data to allow estimation of a BMDLio for a continuous endpoint using US EPA Benchmark 
Dose Software. 

* For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air 
concentration under conditions of continuous exposure where the human internal dose metric equaled the animal-based point-
of-departure (i.e., the human equivalent concentration). Uncertainty factors were then applied to the TCE air concentration to 
-obtain a potential criterion. 

181 

AR100551



Table 3-4. Derivation of TCE Air Criterion Based on CNS Effects in Gerbils. 

Study 

Brivinget. al. (1986) 
Species (strain): 

Gerbils (Mongolian) 
Exposure Conditions: 

Continuous for 12 months 
Effect: Increased uptake of glutamate and 

gamma-am'mohutyuc acid in brain 

Point-of-Departure: LOEL 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Lifestage variability (pharmacodynamics) 
Interspecies 
Subchronic to Chronic 
TOTAL 

Air Criterion (mcg/m'') 

Experimental Exposure Level (mg/m^) 

0 
269 
806 

269 

Adult 
10 
10 

3 
3 

1000 

270 

Childhood 
10 
10 
3 
3 
3 

3000 

90 
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Table 3-S. Summary of Lowest Reported Effect Levels (BOLDED) for Liver Effects After Inhalation Exposure to TCE. 

Study Reference 
Species/Strain 
Effect or Highest Level 
Exposure Conditions 

Liver Endpoint 

Changes in Liver 
Weight 

Changes in Liver 
Morphology 

Biochemical Changes 
Endpoints Evaluated 

and Not Affected 

.Rks •' V • ' j ^ - , . " - > - ; - " . - ^ '• ' '.' -̂  Y , : ' -,- ,-:vs« 5„vv "--.:;'<, . ' l - . - ^ ' ^ r ' j , '"•̂ '̂  ' - .xJ '- , • y - . ' - ' • 
Kimmerle and Eben (1973) 
SPF Wistar 11, n=20/group 
0, 296 mg/m^ 8 hrs/day, 5 days/wk, 14 wks 

Kjellstrand etal. (1981) 
Sprague-Dawley, n=10, 12 or 24/group 
0, 806 mg/m', continuous, 30 days 
Kumar el aL (2001b) 
Wistar (male), n=6/group 
0, 2021 mg/m', 5 hrs/day, 5 days/wk, 8, 12, or 
24 wks 

+ 
(absolute and relative 

weights) 

-t-

(relative weight) 

+ 
(absolute liver 

weight) 
(necrotic lesions, 

fatty acid changes) 

-1-
(glutathione, total 
sulfhydryl levels, 
enzyme activity) 

liver function; TCE 
accumulation in liver 

mimmmmmmmŝ m '̂jimi!mmm;mm§mmim&mm^m& 
Kjellstrand etal. (1981) 
NMRI, n=0, 12, 15 or 20/group 
0, 806 mg/m\ continuous, 30 days 
Kjellstrand etal. (1983a) 
Wild, C57BL, DBA, B6CBA, A/sn, NZB, 
NMRI, n=4 to 6/group 
0, 806 mg/m', continuous, 30 days 
Kjellstrand etal, (1983b) 
NMRI, n=10 or 20/group 
0,199, 403, 806, 1612 mg/m', continuous, 30 
days 

+ 
(relative weight) 

+ 
(absolute weights) 

+ 
(absolute weights) 

-1-

(enzyme activity) 

+ 
(enzyme activity) 

:t}erbiis ' ' -' ^ < ''-" , ^ " ; ; , - ' ' . 1 - . - " ' '<? r ^ ' . ' *̂~- , 
Kjellstrand etal. (1981) 
Mongolian, n=S or 24/group 
0, 806 mg/m', continuous, 30 days 

+ 
(relative weight) 

"-I-" Denotes statistically significant effects (p<0.05). 
Endpoints Evaluated and Not Affected: Statistically significant effects were not observed. 

183 

AR100553



Table 3-6a. Derivation of TCE Air Criteria Based on Liver Effects in Male Mice. 

Study 

Kjellstrand etal. (1983b) 
Species (strain): 

Mice (NMRI) 
Exposure Conditions: 

Continuous 
30 days 

Effect: Increased liver weight 

Point-of-Departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
Short-term to Chronic 
TOTAL 

Air Criteria (mcg/m^)** 

Experimental 
Exposure Level 

(mg/m')* 

0 
199 
403 
806 
1612 

LOEL 

199 

10-
10 
3 
3 

1000 

200 

BMDLio" 

6.6 

10 
3 
3 

100 

66 

Equivalent Internal Dose Metric from PBPK Model 

AUC TCA 
(mg-hr/L) 

0 
38,800 
53,200 
67,500 
87,900 

LOEL 

38,800 

10 
10 
3 
3 

1000 

56/220'' 

BMDLio" 

2050 

10 
3 
3 

100 

40/160'' 

Peak TCA 
(mg/L) 

0 
54.4 
74.5 
94.5 
123 

LOEL 

54.4 

10 
10 
3 
3 

1000 

56/220'' 

BMDL|o° 

5.66 

10 
3 
3 

100 

73/290'' 

Total Oxidative 
Metabolites 
(mg/g liver) 

0 
74.9 
156 
311 
624 

LOEL 

74.9 

10 
10 
3 
3 

1000 

750 

BMDLio" 

2.51 

10 
3 
3 

100 

250 

° Based on polynomial model fit for continuous data with data from highest dosed group excluded; model giving adequate fit and 
lowest BMDLio was used. 
Estimate based on fraction of free TCA: assuming fraction of free TCA four times lower in humans than in mice (Lumpkin et al., 
2003). 

* Response for absolute mean liver weight (grams ± standard deviation) was 1.33 ±0.13, 1.59 + 0.13, 1.87 ±0.13, 2.21 + 0.27, and 
2.38 ± 0.29 for male mice exposed to 0, 199, 403, 806, and 1612 mg TCE/m', respectively. 

** For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air 
concentration under conditions of continuous exposure where the human intemal dose metric equaled the animal-based point-of-
departure (i.e., the human equivalent concentration). Uncertainty factors were then applied to the TCE air concentration to 
obtain a potential criterion. 
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Table 3-6b. Derivation of TCE Air Criteria Based on Liver Effects in Female Mice. 

Study 

Kjellstrand etal. (1983b) 
Species (strain): 

Mice (NMRI) 
Exposure Conditions: 

Continuous 
30 days 

Effect: Increased liver weight 

Point-of-departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
Short-term to Chronic 
TOTAL 

Air Criteria (mcg/m')** 

Experimental 
Exposure Level 

(mg/m^)* 

0 
199 
403 
806 
1612 

LOEL 

199 

10 
10 
3 
3 

1000 

200 

BMDL.o" 

12 

10 
3 
3 

100 

120 

Equivalent Internal Dose Metric from PBPK Model 

AUC TCA 
(mg-hr/L) 

0 
38,800 
53,200 
67,500 
87,900 

LOEL 

38,800 

10 
10 
3 
3 

1000 

56/220" 

BMDLio' 

5120 

10 
3 
3 

100 

90/360" 

Peak TCA 
(mg/L) 

0 
54.4 
74.7 
94.5 
123 

LOEL 

54.4 

10 
10 
3 
3 

1000 

56/220" 

BMDLio" 

16.0 

10 
3 
3 

100 

180/740" 

Total Oxidative 
Metabolites 
(mg/g liver) 

• 0 

75.7 
157 
319 
628 

LOEL 

75.7 

10 
Id 
3 
3 

1000 

760 

BMDLio' 

4.8 

10 
3 
3 

100 

480 

' Based on polynomial model fit for continuous data; model giving adequate fit and lowest BMDLio was used. 
Estimate based on fraction of free TCA: assuming fraction of free TCA four times lower in humans than in mice (Lumpkin et al., 
2003). 

• Response for absolute mean liver weight (grams ± standard deviation) was 1.14 ±0.11, 1.27 ±0.13, 1.42 ±0.17, 1.78 + 0.17, and 
2.40 ± 0.35 for female mice exposed to 0, 199, 403, 806, and 1612 mg TCE/m', respectively. 

** For each criterion based on an internal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air 
concentration under conditions of continuous exposure where the human internal dose metric equaled the animal-based point-of-
departure (i.e., the human equivalent concentration). Uncertainty factors were then applied to the TCE air concentration to obtain 
a potential criterion. 
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Table 3-7. Summary of Lowest Reported Effect Levels (BOLDED) for Kidney Effects after Inhalation Exposure to TCE. 

Study Reference 
Species/Strain 
Effect or Highest Level 
Exposure Conditions 

Kidney Endpoint 

Changes in Kidney 
Weight 

Changes in Kidney 
Morphology 

Biochemical 
Changes 

Endpoints Evaluated 
and Not Affected 

Rats • " ' - - , - " • . 

Kjellstrand etal. (1981) 
Sprague-Dawley, n= 10-24/group 
0, 806 mg/m', continuous, 30 days 

Maltoni etal. (1986) 
Sprague-Dawley, n=l30-145/group 
0,537, 1611, 3222 mg/m', 
7 hrs/day, 5 days/wk, 104 wks 

Mensing et al. (2002) 
Long-Evans, n=40/group 
0, 2687 mg/m' 6 hrs/day, 5 days/wk, 6 months 

(relative weight) 

+ 
(meganucleocytosis) 

(glomeruli, tubules) 

• 

• + 

(protein indicators of 
proximal tubular 

damage) 

regressive changes in 
kidney; renal abscesses 
and nephritis 

DNA-strand breaks; 
protein indicators of 
glomerular damage 

Kjellstrand etal. (1981) 
NMRI, n=O-20/group, 0, 806 mg/m', 
continuous. 30 days 
Kjellstrand etal. (1983a) 
wild, C57BL. DBA, B6CBA, A/sn, NZB and NMRI, 
n=4-6/group 
0, 806 mg/m', continuous, 30 days 
Kjellstrand etal. (1983b) 
NMRI, n=IO or 20/group 
0, 199, 403, 806, 1612 mg/m', continuous, 30 days 
Maltoni etal. (1986) 
Swiss, B6C3F1, n=90/group 
0,537. 1611,3222 mg/m' 
7 hrs/day, 5 days/wk, 78 wks 

(relative weighO 

+ 
(absolute weight) 

+ 
(absolute weight) 

o 

(meganucleocytosis) 
/ regressive changes in 

kidney; renal abscesses 
and nephritis 

]om $̂̂ mmm:mmmmm4mmmmmm:Mmimmm^̂ ^̂ ^ 
Kjellstrand etal. (1981) 
Mongolian, n=8 or 24 
0, 806 mg/m', continuous, 30 days 

(relative weight) 
• 

"+" Denotes statistically significant effects (i.e., p<0.05). 
"-" Denotes effects evaluated but are not statistically significant. 
Endpoints Evaluated and Not Affected: Statistically significant effects were not observed. 

186 

AR100556



Table 3-8a. Derivation of TCE Air Criteria Based on Kidney Effects in Male Mice. 

Study 

Kjellstrand etal. (1983b) 
Species (strain): 

Mice (NMRI) 
Exposure Conditions: 

Continuous 
30 days 

Effect: Increased Kidney Weight 

Point-of-departure: NOEL' 

Uncertainty Factors: 
Intraspecies (human variation) 
Interspecies 
Subchronic to Chronic 
TOTAL 

Air Criteria (mcg/m^)* 

Experimental 
Exposure Level 

(mg/m^) 

0 
199 
403 
806 
1612 

199 

10 
3 
10 

300 

660 

Equivalent Internal 
Dose Metric from 

PBPK Model 
AUC DCVC in Kidney 

(mg-hr/L) 

0 
79.5 
177 
409 
1180 

79.5 

10 
3 
10 

300 

510 

An adequate model fit to estimate a BMDLio could not be obtained using US EPA 
Benchmark Dose Software. 

* For each criterion based on an internal dose metric, iterative runs ofthe human PBPK 
model were used to find the TCE air concentration ûnder conditions of continuous 
exposure where the human internal dose metric equaled the animal-based point-of-
departure (i.e., the human equivalent concentration). Uncertainty factors were then applied 
to the TCE air concentration to obtain a potential criterion. 
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Table 3-8b. Derivation of TCE Air Criterion Based on Kidney Effects in Female Mice. 

Study 

Kjellstrand etal. (1983b) 
Species (strain): 

Mice (NMRI) 
Exposure Conditions: 

Continuous 
30 days 

Effect: Increased Kidney 
Weight 

Point-of-departure 

Uncertainty Factors: 
Intraspecies (human variation) 
Interspecies 
Subchronic to Chronic 
TOTAL 

Air Criteria (mcg/m^)** 

Experimental 
Exposure Level 

(mg/m^)* 

0 
199 
403 
806 
1612 

NOEL 

403 

10 
3 
10 

300 

1300 

BMDLio' 

76 

10 
3 
10 

300 

250 

Equivalent Internal Dose 
Metric from PBPK Model 

AUC DCVC in Kidney 
(mg-hr/L) 

0 
80.5 
178 
419 
1190 

NOEL 

178 

10 
3 
10 

300 

1100 

BMDLio' 

25.2 

10 
3 
10 

300 

160 

^ Based on polynomial model fit for continuous data; model giving an adequate fit and 
lowest BMDLio was used. 

* Response for absolute mean kidney weight (grams ± standard deviation) was 0.29 ± 
0.04, 0.30 ± 0.04, 0.30 ± 0.03, 0.32 ± 0.04, and 0.35 ± 0.06 for female mice exposed to 
0, 199, 403, 806, and 1612 mg TCE/m^ respectively. 

** For each criterion based on an internal dose metric, iterative runs ofthe human PBPK 
model were used to find the TCE air concentration under conditions of continuous 
exposure where the human intemal dose metric equaled the animal-based point-of-
departure (i.e., the human equivalent concentration). Uncertainty factors were then 
applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-9. Summary of Human Studies of Reproductive Effects in Women Associated >vith Exposure to Organic Solvents Including TCE. 

Reference & Study Type 

Windham etal. (1991) 

Case-control 

Cases = women > 18 yrs with 
spontaneous abortion by 20 wks 
gestation (n=626) 

Controls = women with live 
birth, frequency matched by last 
mensuual period and hospital to 
cases (n=f 1300) 

Sallminetal. (1995) 

Reu-ospective 

Participants = women 
biologically monitored for 
exposure to organic solvents 
(styrene, xylene, toluene, 
trichloroethene, 
tetrachloroethene, 1,1,1-
trichloroethane) by the Finnish 
Institute of Occupational Health 
during 1965-1983 
(n=197) 

Measure(s) of Exposure 

Exposure(s) determined through phone 
interview questionnaire 

Exposures categorized by: 
- Solvent use 
- Solvent identity 
- Ave hrs/wk exposed during pregnancy 
- Intensity (presence of odors, skin 
contact, symptoms) 

- Presence of ventilation 
- Use of respirator 

Exposure(s) assessed by questionnaire 
and biomonitoring data for TCE (TCA 
in urine) and other solvents 

All participants categorized as: 
- Not exposed - no occupational solvent 

exposure, no biomonitoring 
- Potentially exposed - possible 

occupational solvent exposure, no 
biomonitoring 

- Exposed - biomonitoring data 
indicating exposure 

Exposed participants categorized as: 
high - frequent solvent exposure, 

biomonitoring indicates clear 
occupational exposure 

- low - less frequent solvent exposure, 
no biomonitoring or biomonitoring 
indicates low exposure 

- none - no indication of exposure 
(includes potentially exposed) 

6utcome(s) and Findings 

Outcome: Spontaneous abortion verified from hospital 
pathology specimen 

Exposure Category 

- Use ofTCE (and other 
solvent(s)) (n=6) 

- Exposures >0.5 hr/wk to TCE 
(and other solvent(s)) (n<6, not 
specified) 

-Use of aliphatic solvents (n=75) 
- Use of any solvent (n=89) 

Odds Ratio (95% CI) 

3.1(0.9-10.4) 

7.7(1.3- 47.4) 

1.8(1.1-3.0) 
1.2(0.9-1.6) 

Outcome: Time-to-pregnancy (number of mensffual cycles 
required to become pregnant) obtained from Finnish Register of 

Congenital Malformations 

Exposure Category 

- Low TCE exposure (n= 19) 

- High TCE exposure (n=9) 

- Low solvent exposure (n=59) 

- High solvent exposure (n=46) 

• 

Incidence Density Ratio 
(IDR)» (9S% CI) 

1.21(0.73-2.00) 

0.61(0.28-1.33) 

0.69 (0.48 - 0.99) 

0.41(0.27-0.62) 

* IDR=ratio of pregnancies 
among exposed compared 
to unexposed women (e.g., 
IDR of 0.5 means exposed 
women are '/i as likely to 
become pregnant as 
unexposed women) 

Comments 

Very few cases reported 
exposure to TCE (n= 6) 

Cannot separate exposures to 
specific solvents 

Exposure misclassification 
possible due to self-reporting 

Exposure-response 
relationships not observed 

Exposure misclassification 
possible due to self-reporting 

Small number of TCE exposed 
women (n=28) 

Reporting errors possible in the 
outcome variable 

Possibility of "infertile worker 
effect" - biological monitoring 
available for working women 
only. In Finland women can be 
absent from work for up to 234 
weekdays after giving birth, so 
those least fertile may be more 
likely to remain in the 
workforce 
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Table 3-10. Summary of Human Studies of Reproductive Effects in Men Associated with Exposure to Organic Solvents Including TCE. 

Reference and Study Type 

Taskinen etal. (1989) 

Case-referent 

Cases = wives with spontaneous 
abortion or congenitally malformed 
child married to men biologically 
monitored for exposure to organic 
solvents (styrene, xylene, toluene, 
trichloroethene, tetrachloroethene, 
1,1,1-trichloroethane) by the Finnish 
institute of Occupational Health during 
1965-1983(n=120) 

Referents = selected by computer to 
match cases by age and time of 
conception (n=251) 

Rasmussen etal. (1988) 

Case-control 

Cases = male factory workers using 
TCE to degrease metals 20 hr/wk 
(n=12) 

Controls = non-exposed physicians 
(n=14) 

Measure(s) of Exposure 

Men's exposure(s) during 80 day 
spermatogenesis period preceding conception 
assessed by questionnaire and biomonitoring 
data for TCE (TCA in urine) and other 
solvents 

Husbands of participants categorized as: 
- Not exposed - no occupational solvent 

exposure, no biomonitoring 
- Potentially exposed - possible occupational 

solvent exposure, no biomonitoring 
- Likely exposed - biomonitoring data 

indicating exposure 
Exposed hijsbands categorized as: 
- high/frequent exposure - frequent solvent 

exposure, biomonitoring indicates clear 
occupational exposure 

- intermediate - less frequent solvent 
exposure, biomonitoring indicates 
intermediate/low exposure 

- low/rare - rare solvent exposures 

Exposure(s) to TCE determined through 
occupational medical interview 

Outcome(s) and Findings 

Outcome: spontaneous abortions from Finnish 
Hospital Discharge Register 

Exposure Category 

Patemal TCE 
exposure (n= 17) 

Patemal solvent 
exposure (n=103) 

Low/rare patemal 
solvent exposure 

(n=14) 

High/frequent 
paternal solvent 
exposure (n=72) 

Odds Ratio (95% CI) 

1.0(0.6-2.0) 

2.7(1.3-5.6) 
(p<0.05) 

2.8(1.0-7.9) 
(p<0.05) 

2.6(1.2-5.9) 
(p<0.05) 

Outcome: numbers of sperm, sperm 
morphology in semen 

Finding: no difference in sperm count or 
morphology between cases and controls 

Comments 

Exposure 
misclassification due to 
self-reporting minimized; 
75% of participant 
categorization into 
exposed groups based on 
biomonitoring data 

Exposures likely Included 
multiple solvents 

Small number of TCE 
exposed men (n=17) 

Outcome (spontaneous 
abortion) register-based 
therefore relatively 
reliable 

Exposure 
misclassification possible 
due to self-reporting 

Small number of TCE 
exposed men (n=12) 
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Table 3-10 (continued). 

Reference and Study Type 

Sallmen etal. (1998) 

Retrospective 

Participants = wives of men 
biologically monitored 
exposure to organic solvents 
(styrene, xylene, toluene, 
trichloroethene, 
tetrachloroethene, 1,1,1-
trichloroethane) by the Finnish 
Institute of Occupational Health 
during 1965-1983 giving birth 
in hospital between 1973-1983 

(282 women) 

Chia etal. (1996) 

Cases only 

Cases = workers in an 
electronics factory (n=85) 

Measure(s) of Exposure 

Men's exposure(s) when attempt at 
pregnancy began assessed by 
questionnaire and biomonitoring for 
TCE (TCA in urine) and other 
solvents 

Wives' exposure(s) for the 12 
months preceding pregnancy 
assessed by questionnaire 

Men's exposure categorized as: 
- Unexposed - no occupational 

solvent exposure, no biomonitoring 
- Potentially exposed - possible 
occupational 

Measure of exposure = urinary TCA 
concentration 

Mean urinary TCA level 22.4 mg 
TCA/g creatinine 

Workers categorized into 2 exposure 
categories: 
- high (>25 mg TCA^g creatinine) 
- low (<25 mg TCA/g creatinine) 

Mean TCE exposure 29.6 ppm (159 
mg/m^) based on personal 
environmental measurements 
for 12 workers 

Outcome(s) and Findings 

Outcome: Time-to-pregnancy (number of menstrual cycles required 
to become pregnant) obtained from Finnish Register of Congenital 

Malformations 

Exposure Category 

Intemiediate/high patemal TCE 
exposure (n=21) 

High/freq paternal solvent 
exposure, first pregnancy (n=90) 

High/freq paternal solvent 
exposure, first child (n=105) 

Fecundity Density Ratio 
(FDR)'* (95%CI) 

1.03 (0.6-l.76)'^j'""<' 
(ns) 

0.36(0.19-0.66)'*'""' 
(p<0.05) 

0.52 (0.30-0.89)"'-i"'"' 
(p<0.05) 

* FDR = ratio of pregnancies 
among wives of exposed men 
compared to unexposed men 

(e.g., FDR of 0.5 means wives 
of exposed men are '/j as likely 

to become pregnant as 
unexposed men) 

Outcome: Semen volume, sperm count, sperm viability, sperm 
motility, sperm morphology 

All cases together had low percentage of NORMAL sperm 
morphology (25%) compared to the WHO criteria (>30%) 

Cases with high TCE exposure (n=48) had significantly lower sperm 
density (p<0.05) than cases with low TCE exposure, but both 
groups' mean sperm density was above WHO normal sperm density 
criterion 

Prevalence of hyperzoospermia was greater among high TCE 
exposed cases than among low TCE exposed cases 

Comments 

Recall bias for 
exposure lessened by 
blind assessment of 
exposure in relation to 
outcome variable 

Recall bias possible 
for outcome: time-to-
pregnancy based on 
questionnaire 

Exposure 
misclassification a 
possibility due to self-
report 

No controls 

Effects not clearly 
adverse: 
sperm density of both 
groups was well 
within WHO normal 
criterion; increased 
prevalence of 
hyperzoospermia 
puzzling 
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Table 3-11. Summary of Lowest Reported Effect Levels (BOLDED) for Reproductive Effects in Male Animals After 
Inhalation Exposure to TCE. 

Study 
Species Strain 
Exposure Level($) 
Exposure Conditions 

Significantly Affected Male Reproductive Parameter 

Decreased 
Organ Weight 

(organ) 

Abnormal 
Morphology 

(tissue) 

Decreased 
Sperm 
Count 

Decreased 
Sperm 

Motility 

Other Male Reproductive 
Outcomes 

•Mic^i^C'̂ -ftVyfc^nlt-^l'SJlj*^ 
Land etal. (1981) 
(C57BI/C3H)FI (n=IO) 
0, 1075, 10,748 mg/m' 
4 hrs/day, 5 days 

Forkert et al. (2002) 
CD-I(n=6) 
5374 mg/m' 
6 hrs/day, 5 days/wk, 1, 2, 3 or 4 wks 

Xu et al. (2004) 
CD-I (n=ll) 
5374 mg/m' 
6 hrs/day, 5 days/wk, 1, 2, 4 or 6 wks 

unknown 

unknown 

(testes) 

(epididymis) 

-1-

(sperm) 

+ 
(epididymal 
epithelium) 

(testes) 

(epididymal) 
+ 

(vas deferens) 

unknown 

unknown 

-

unknown 

unknown 

-

(metabolism of TCE to CHL 
viaCYP2EI in epididymis > 

testes) 

+ 
(decreased binding of sperm to 

egg in vitro; decreased 
fertilized eggs in vivo) 

•Rats ^ i : , ' ' i~ ' - ^ ' - . ' , ' , 

Kumaretal. (2000, 2001a) 
0, 2021 mg/m' (n=6) Wistar 
4 hrs/day, 5 days/wk, 12 or 24 wks 

-1-

(testes) 

+ 
(testes, Leydig 
cells, sperm) 

-1- • + 

+ 
(decreased serum testosterone; 

altered testicular enzyme 
activities) 

+ Examined and affected. 
- Examined and not affected. 
Unknown: endpoint not examined and/or not reported. 
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Table 3-12. Summary of Lowest Reported Effect Levels (BOLDED) for Reproductive Effects in Male Animals after Oral 
Exposure to TCE. 

Study 
Species/Strain 
Effect Level 
Exposure 

Significantly Affected Reproductive Parameter 

Decreased 
Organ Weight 

(organ) 

Abnormal 
Morphology 

(tissue) 

Decreased 
Sperm Count 

Decreased 
Sperm Motility Other Outcomes 

Mice^-V:V:i^:^-''^"(•^"V&?r'M^;ii'i-*t^;i'ffl:-'??">: '•*'-;«':' ;"r-t:--:^»r-x;..'?;^;t:s^Sir:2ri:r'^f'/S^^;^ iv;>:&";Sys'i 

NTP (1985) 
CD-I (n=20) 
0, 100,300, 700 mgAg/day 
Continuous exposure, diet, 
two generations 

+ 
(Fo generation 
testes, prostate, 
but only dose 

tested) 

(Fo generation 
sperm) 

+ 
(F| generation 

sperm) 
(only dose tested) 

(only dose tested) 

+ 
(Fo&F, 

generation, but 
only dose tested 

+ 
(decreased pup weight/litter in Fo generation, 

NOEL - 300 mg/kg/day) 
+ 

(increased relative liver weight in Fo generation, 
but only dose tested) 

+ 
' (increased pup mortality, epididymis weight, 
relative liver & kidney weights in F, generation, 

but only dose tested) 
Rats . . . ' " . • ' ' % ' ' ! 

Zenick etal. (1984) 
Long Evans(n=10) 
0,10, 100,1000 mg/kg/day, 
com oil gavage, 
5 days/wk, 6 wks 

NTP (1986) 
Fisher 344 (n=20) 
0,75, 150, 300 mg/kg/day 
Continuous exposure, diet 
two generations 

DuTeaux et al. (2004a) 
Sprague-Dawley; Simonsen 
(n=3) 
0,141,266 mg/kg/day, 
drinking water, M days 

-

+ 
(F| generation 

testes; but 
decrease not 
dose-related) 

(testes, 
epididymis) 

(sperm) 

+ 
(F| generation ' 

epididymal 
sperm; but absent 

at higher dose 
levels) 

+ 
(efferent ductule 

epithelium) 

-

-

(altered serum testosterone) 
+ 

(decreased copulatory behavior) 

+ 
(reduced female body weight in Fo generation) 

+ 
(decreased pup growth, body weight; increased 

relative liver weight in F| generation) 

(reduced mean number live/liner of Fo generation, 
LOEL-150 mg/kg/day) 

+ 
(decreased ability of sperm to fertilize oocytes in 
viiro; increased oxidized proteins, increased lipid 

peroxidation in spermatozoa) 

^ Examined and affected (p<O.OS). 
- Examined and not affected. 
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Table 3-13. Summary of NTP (1985,1986) Reproductive Assessment of Continuous Breeding Study for TCE (adapted from 

Chapin and Sloane, 1997). 

Generations and Endpoints 
Exposure 

Mice (CD-I) 
100 300 700 

(mg/kg/day) 1 
Rats(F344) | 

75 150 300 J 
Fo generation 
General toxicity (male , female) 

Body weight 
Kidney weight * 
Liver weight' 
Mortality 
Feed consumption 
Water consumption 
Clinical signs 

- , -
* 
» 

- , -
- , -

* 
- -

* 
• 

- , -
- , -

* 
- , -

- , -
- -
t , t 
- , -
- , -

* 
_ _ 

- . i 
* 
* 

* 
- , -

- . 4 
* 
• 

+ 

- , -

4,4 
T.T 
T,t 

- , -
* 

Reproductive toxicity 
Litters/pair 
No. live pups/litter; pup wt/litter 
Cumulative days to litter 
Absolute testis, epididymis weight' 
Sex accessory gland weight' (prostate seminal vesicle) 
Epidid. sperm parameters (no., motility, morphology) 
Estrous cycle length 

-
- , -

-
• 
* 
* 
• 

-
- , -

-
* 
* 
• 
* 

-
- , i 

-
i , -
4 . -

-,-!•,-
* 

-
- , -

-
* 
* 
• 
* 

-
4 , -

-
4 , -

- , -
- , -

- . - , -
-

F| generation 
General toxicity (male, female) 

Pup growth to weaning 
Mortality 
Adult body weight 
Kidney weight' 
Liver weight' . 
Feed consumption 
Water consumption 
Clinical signs - , - - , -

- -
t ,t 

t ,t 
T.r 

* 
- , -

4 .4 
- , -
4 ,4 
- , -
t , -
- , -

- , -

4 .4 

4.4 

t . t 

* 
- , -

4 .4 
- , -
4,4 

t.T 

* 
- . -

Reproductive toxicity 
Fertility index 
No. live pups/litter; pup wt/litter 
Absolute testis, epididymis weight * 
Sex accessory gland weight * (prostate, seminal vesicle) 
Epidid. sperm parameters (no., motility, morphology) 
Estrous cycle length 

-
_ _ • 

-,'t 
- -

- , 4 , T • 

* 

-
_ -
4 ' , -

- . - , t 
* 

-
_ -
4 , -
- , t 

* 

-

4 , -

- , - , -
* 

Legend: - no change; ' no observation; t or 4 statistically significant change (p<0.05); - , - no change in males or females.' Adjusted for body weight. 
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Table 3-14a. Derivation of Potential TCE Air Criteria Based on Reproductive Effects in Male Mice Exposed via Inhalation. 

Study 

Land etal. (1981) 
Species (strain): 

Mice(C57BI/C3H)FI 
Exposure Conditions: 

4 hrs/day, 5 days 
Effect: increased percentage of sperm 
with abnormal morphology 

Point-of-departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
Exposure duration" 
TOTAL 

Air Criteria (mcg/m')'* 

Experimental/Adjusted 
TCE Exposure Level 

(mg/m^)"* 

0/0 
1075/179 

10,748/1791 

NOEL 

1075/179 

10 
3 
10 

300 

3600/600 

BMDL.o'' 

302/50.3 

10 
3 
10 

300 

1000/170 

Equivalent Internal Dose Metric from PBPK Model 

Peak TCE (mg/L) 

0 
2.24 
47.7 

NOEL 

2.24 

10 
3 
10 

300 

3200 

BMDLio" 

1.38 

10 
3 
10 

300 

2000 

AUC TCE 
(mg-hr/L) 

0 
44.9 
917 

NOEL 

44.9 

10 
3 
10 

300 

540 

BMDLIO" 

26.4 

10 
3 
10 

300 

320 

Peak TCA (mg/L) 

0 
55.5 
109 

NOEL 

55.5 

10 
' 3 

10 
300 

190/760'' 

BMDLIO" 

. 3.51 

10 
3 
10 

300 

16/64'' 

AUCTCA 
(mg-hr/L) 

0 
2830 
7170 

NOEL 

2830 

10 
.3. 
10 

300 

87/350'' 

BMDLIO" 

201 

10 
3 
10 

300 

8/32'' 

• Intermittent experimental exposure level adjusted to a continuous exposure level, which = experimental level in mg/m^ x 4 hrs/24 hrs. 
' Based on polynomial model fit for continuous data; model giving adequate fit and lowest BMDL|o was used. 
" This uncertainty factor is applied because the spermatogenesis cycle in mice is 26-35 days (Ecobichon, 1995) but the exposure regime ofthe study was 4 hrs/day 

for 5 days. 
'' Estimate based on free fraction of TCA assuming free fraction TCA is four times lower in humans than in mice (Lumpkin et al., 2003). 
* Response for percent (± I standard deviation) of morphologically abnormal epididymal spermatozoa 28 days afler the first day of exposure was 1.42 ± 0.31, 1.68 

± 0.38, and 2.43 ± 0.47 for mice exposed to 0, 1075, and 10,748 mg TCE/m', respectively. 
" For each criterion based on an intemal dose meU îc, iterative runs ofthe human PBPK model were used to find the TCE air concentration under conditions of 

continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent concentration). Uncertainty 
factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-14b. Derivation of Potential TCE Air Criteria Based on Reproductive Effects in Male Rats Exposed via Inhalation. 

Study 

Kumaretal. (2000;2001a) 
Species (strain): 

Rat (Wistar) 
Exposure Conditions: 

Inhalation 
4 hrs/day, 5 days/wk, 24 wks 

Effects: decreased absolute testicular weight, 
sperm count & motility; histopathological 
changes in testes; biochemical changes 
indicative of testes function 

Point-of-departure: only level tested 

Uncertainty Factors: 
Effect level to NOEL 
Intraspecies (human variation) 
Interspecies 
Subchronic to chronic 
TOTAL 

Air Criteria (mcg/m')* 

Experimental 
Exposure Level 

(mg/m') 

0 
2021 

2021 

10 
10 
3 
3 

1000 

2000 

Adjusted 
Exposure 

Level 
(mg/m')" 

0 
240 

240 

10 
10 
3 
3 

1000 

240 

Equivalent Internal Dose Metric from PBPK Model 

Peak TCE 
(mgO.) 

0 
18.2 

18.2 

10 
10 
3 
3 

1000 

5100 

AUC TCE 
(mg-hr/L) 

0 
4276 

50.9 

10 
10 
3 
3 

1000 

900 

Peak TCA 
(mgA.) 

0 
15.3 

15.3 

10 
10 
3 
3 

1000 

17/36" 

AUC TCA 
(mg-hr/L) 

0 
15,710 

190 

10 
10 
3 
3 

1000 

9.6/20" 

' Intermittent experimental exposure level adjusted to a continuous exposure level, which = experimental level in mg/m X 4 hrs/24 hrs X 5 
days/7 days. 

"Estimate based on free fraction of TCA assuming free fraction TCA is two times lower Jn humans than in rats (Lumpkin et al., 2003). 
* For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration 
under conditions of continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human 
equivalent concentration). Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-14c. Derivation of Potential TCE Air Criteria Based on Reproductive Effects in Male Rats Exposed via Drinking Water . 

Study 

DuTeaux et al. (2004a) 
Species (strain): 

Rat (Simonsen, Sprague-Dawley) 
Exposure Conditions: 

Drinking water, 14 days 
Effect: decreased ability of sperm to fertilize 

{in vitro) oocytes from untreated females 

Point-of-departure: LOEL'' 

Uncertainty Factors: 
LOEL to NOEL 
Inu-aspecies (human variation) 
Interspecies 
Exposure duration' 
TOTAL 

Air Criteria (mcg/m')* 

Oral Dose" 
(mg/kg/day) 

0 
141 
266 

Estimated 
Exposure 

Level" 
(mg/m') 

0 
123 
233 

123 

3 
10 
3 
3 

300 

410 

Equivalent Internal Dose Metric from PBPK Model' 

Peak TCE 
(mg/L) 

0 
0.40 
4.9 

0.40 

3 
10 
3 
3 

300 

580 

AUC TCE 
(mg-hr/L) 

0 
66.0 
740 

66.0 

3 
10 
3 
3 

300 

280 

Peak TCA 
(mg/L) 

0 
19 
26 

19 

3 
10 
3 
3 

300 

70/140^ 

AUC TCA 
(mg-hr/L) 

0 
4600 
6400 

4600 

3 
10 
3 
3 

300 

55/110' 

° Oral dose rates appearing in the original publication were in error as confirmed by Miller (2005), corrected oral dose rates were calculated based on 
room temperature density of TCE (1.465 mg/mcL), average daily water consumption reported in the study (0.028 L/day) and dose-group average 
body weights of 0.581kg (low-dose) and 0.616 kg (high dose) obtained from Miller (2005). 

" Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose,"where 
TCE air concenu-ation (mcg/m') = oral dose (mg TCE/kg/day) x rat body weight (0.28 kg) / rat daily inhalation rate (0.32 m'/day), rat values from 
Appendix 2, Table A-1). 

'Derived assuming all oral exposure occurs within 12 hours. 
'' The study did not provide sufficient data to allow estimation of a BMDLio for a continuous endpoint using US EPA Benchmark Dose Software.-
' This uncertainty factor is applied because the spermatogenesis cycle in rat is 48-53 days (Ecobichon, 1995) but the exposure regime ofthe study 

was for 14 days. 
'Estimate based on free fraction of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
* For each criterion based on an internal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration under 

conditions of continuous exposure where the human internal dose metric equaled the animal-based poinl-of-deparlure (i.e., the human equivalent 
concentration). Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 

197 

AR100567



Table 3-14d. Derivation of Potential TCE Air Criteria Based on Reproductive Effects in Male Rats Exposed via Diet. 

Study 

NTP (1986) 
Species (strain): 

Rat (Fisher) 
Exposure Conditions: 

Diet, 1-15 wks 
Effect: decreased mean pups/litter 

over 14-wk co-habitation 
period (3-4 litters/pair) 

Point-of-departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
Subchronic to chronic 
TOTAL 

Air Criteria (mcg/m')** 

Oral Dose 
(mg/kg/day) 

0 
75 
150 . 
300 

Estimated 
Exposure Level"* 

(mg/m') 

0 
65.6 
131 
262 

NOEL 

65.6 

10 
3 

30 

2200 

BMDLio' 

20.5 

10 
3 

30 

680 

Equivalent Internal Dose Metric from PBPK Model" 

Peak TCE (mg/L) 

0 
0.073 
0.276 
3.71 

NOEL 

0.073 

10 
3 

30 

1050 

BMDLio' 

0.33 

10 
3 

30 

4800 

AUC TCE 
(mg-hr/L) 

0 
58.1 
217 
2670 

NOEL 

0.59 

10 
3 

30 

360 

BMDLio' 

2.4 

10 
3 

30 

1400 

Peak TCA (mg/L) 

' 0 
7.92 
14.4 
20.9 

NOEL 

7.92 

10 
3 

30 

330/660" 

BMDLio' 

1.72 

10 
3 

30 

83/170" 

AUC TCA 
(mg-hr/L) 

0 
11,500 
20,700 
31,200 

NOEL 

117 

10 
3 

30 

210/420" 

BMDLio' 

25.9 

10 
3 

30 

53/110"! 

' Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose, where TCE air 
concentration (mcg/m') = oral dose (mg TCE/kg/day) x rat body weight (0.28 kg)/rat daily inhalation rate (0.32 m'/day), rat values from Appendix 2, Table A-1). 

"Derived assuming all oral exposure occurs within 12 hours. 
'Based on polynomial model fit for continuous data; model giving adequate fit and lowest BMDLio was used. 
" Estimate based on free fraction of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
• Response for mean pups/litter (± 1 standard deviation) was 10.36 ± 2.25, 10.09 ± 1.52, 9.39 ± 1.57, and 8.66 ± 2.86 for parental rats given oral doses of 0, 75, 

150, and 300 mg TCE/kg/day, respectively. 
** For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration under conditions of 

continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent concentration). Uncertainty 
factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-15. Summary of NOEL and LOEL (or Effect Level)'from Studies Evaluating the Male Reproductive Effects of TCE. 

Study Reference 
Exposure Route 

& Regime 
Male Reproductive 

Endpoint 
NOEL, LOEL 
or Effect Level 

Estimated Daily Dose 

Applied Dose' 
(mg/kg/day) 

AUC TCE 
(mg hr/L/day) 

AUC TCA 
(mg hr/L/day) 

Mice ' , ' "*" » --« -?l"lCc " / ' '>'*"!' ' -, ~, ' J 

Land etal. (1981) 

Forkert et al. 
(2002); 

Xu et al. (2004) 

NTP (1985) 

inhalation: 
4 hrs/day, 5 days 

inhalation: 
6 hrs/day, 
5 days/wk, 

2,4 or 6 wks 

diet: 
2-generations 

abnormal sperm 
morphology 

abnormal epididymal 
morphology; decreased 

sperm binding, 
decreased egg 

fertilization in vitro 
decreased testes, 

prostate weight, sperm 
motility 

NOEL 
1075 mg/m' 

LOEL 
10,748 mg/m' 

5374 mg/m' (only 
exposure level tested) 

700 mg/kg/day (highest 
& only dose evaluated) 

450 

4500 

2400 

700 

9.0 

180 

76 

4.8 

570 

1400 

1300 

2200 

Rats --^ ^ - " \ ' ; "' .- / - ; , *• _?'-."'--,. ^ / \ - - " Z." 

Kumar 
(2000; 2001a) 

Zenick et al. 
(1984) 

DuTeaux et al. 
(2004a) 

NTP (1986) 

inhalation: 
4 hrs/day, 
5 days/wk, 

12 or 24 wks 

gavage: 
5 days/wk, 

6 wks 

drinking water: 
14 days 

diet: 
2-generations 

decreased testes weight, 
sperm count, sperm 
motility; abnormal 
testes, Leydig cell, 
sperm morphology 

decreased copulatory 
behavior 

decreased egg 
fertilization in vitro; 
abnormal efferent 

ductule morphology 

decreased litter size 
(possible male 

-mediated effect) 

2021 mg/m'(only 
exposure level tested) 

NOEL 
100 mg/kg/day 

LOEL 
1000 mg/kg/day 

141 mg/kg/day (lowest 
dose tested) 

NOEL 
75 mg/kg/day 

LOEL 
150 mg/kg/day 

280 

100 

1000 

141 

75 

150 

51 

9.2 

320 

/ • 

2.9 

0.9 

3.3 

187 

130 

350 

280 

170 

310 

' For inhalation exposures, based on International Life Sciences Institute (1994) approximate mean adult body weights and mean inhalation rates. 
(=1.5 X alveolar ventilation rate); mouse; 0.035 kg, 0.088 rn'/day; rat: 0.4 kg, 0.457 m'/day. 
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Table 3-16. Summary of Potential TCE Air Criteria Based on Reproductive Effects in Male Animals. 

Study 

Potential Criteria (mcg/m') and Basis* 

Default Approach 

TCE Air Concentrations 

Experimental 

Effect 
Level 

or 
NOEL/ 
LOEL 

BMDL 

TWA** 

Effect 
Level 

or 
NOEL/ 
LOEL 

BMDL 

PBPK Approach (Internal Dose) 

TCE 

Peak 

Effect 
Level or 
NOEL/ 
LOEL 

BMDL 

AUC 

Effect 
Level 

or 
NOEL/ 
LOEL 

BMDL 

TCA 

Peak 

Effect 
Level or 
NOEL/ 
LOEL 

BMDL 

AUC 

Effect 
Level or 
NOEL/ 
LOEL 

BMDL 

Inhalation Studies 

Land etal. (1981) 

Kumaretal. 
(2000;2001a)*** 

3600* 

2000 

1000 

-

600* 

240 

170 

-

3200* 

5100 

2000 

-

540* 

900 

320 

-

190/760"* 

17/36" 

16/64" 

-

87/350"* 

9.6/20* 

8/32" 

-

Oral Studies 

DuTeaux et al. 
(2004a) 

NTP (1986) 

not relevant 

not relevant 

410' 

2200* 

-

680 

580* 

1000* 

-

4800 

280* 

360* 

-

1400 

70/140"' 

330/660"* 

- . 

83/170" 

55/110"' 

210/420"* 

-

53/110" 

* All data from Table 3-14a to 3-14d. 
** TWA concentration during exposure period. 
*** Study had only one TCE exposure level. 
" Estimate based on free fraction of TCA. 
- Dose-response data were inadequate to estimate a BMDLio. 
-H NOEL. 
# LOEL. 
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Table 3-17. Summary of Lowest Reported (BOLDED) or No Effect Levels (ITALICS) for Developmental Effects after Inhalation 
Exposure to TCE. 

Study 
Species Strain 
Exposure Levels 
Exposure Conditions 

Maternal 
Toxicity Litter Effects Fetal Effects Postnatal 

Effects 
Other/Comments 

?Rats , ^- ^ ' ^ , -. • ^ , ' ' " . 
Dorfmueller eial. 0979) 
Long Evans (n=8-l 1/group) 
0, 9674 mg/m' 
6 hrs/day, 2 wks before inating only, 
GD 1-20 only, 2 wks before mating & 
GD 1-20 
Healy etal. (1982) 
Wistar (n=32/group) 
0,537 mg/m' 
4 hrs/day, GD 8-21 
Hardin etal. (1981) 
Wistar or Sprague-Dawley (strain, 
group size not specified) 
2657 mg/m' 
6-7 hrs/day, GD I-I9 
Dow Chemical Company (2001) 
Sprague-Dawley CD* (n=27/group) 
0,269, 806, 3224 mg/m' 
6 hrs/day, GD 6-20 

Schwetz etal. (1975) 
Sprague-Dawley (n=18) 
<i, 1612 mg/m' 
7 hrs/day, GD 6-15 

-

unknown 

-

-

-1-

(slight) 

(implantations/litter, litters 
w/resorptions (18%), litter 

size 

+ 
(litters w/total resorptions, 

22%) 

unknown 

(implantations/litter, litters 
w/resorptions (48%), litter 

size 

(implantations/litter, litters 
w/resorptions (44%), litter 

size) 

+ 
(skeletal, soft tissue 

anomalies) 

(body weight) 

(body weight, 
skeletal anomalies) 

(body weight, 
external, skeletal, soft 

tissue anomalies) 

(body weight, 
external, skeletal soft 
anomalies, sex ratio) 

(body weight, sex ratio, 
body measurements, 
gross, soft tissue, or 
skeletal anomalies) 

(activity levels) 

unknown 

unknown 

unknown 

unknown 

anomalies interpreted as 
developmental delay; no 

microscopic evaluation; 8% 
control litters w/resorptions 

no microscopic evaluation; 6% 
conuol liners w/total 

resorptions 

no conu-ols; poorly reported 
(e.g. basis of conclusions not 

provided) 

microscopic evaluation; 36% 
conu-ol litters w/resorptions 

microscopic evaluation; 40% 
litters w/resorptions 

+ Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significantly affected. 
Unknown - Effect not evaluated. 
GD - Gestation day. 
PND - Postnatal day. 
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Table 3-17 (cont inued). 

Study 
Species Strain 
Exposure Levels 
Exposure Conditions 

Maternal 
Toxicity 

Litter Effects Fetal Effects 
Postnatal 

Effects 
Other/Comments 

Mice .- ; - > ^ , "* ' ' • _ ' , 

Schwetz etal. (1975) 
Swiss Webster (n=12) 
0, 1612 mg/m' 
7 hrs/day, GD 6-15 

unknown 
(implantations/litter, 69% 

litters w/resorptions, 
litter size) 

(body weight, sex ratio, 
. body measurements, 

gross, soft tissue, or 
skeletal anomalies) 

unknown 
microscopic evaluation; 75% 
control litters w/resorptions 

•(^Silpil|f5gK:fS^ 
Kjellstrand etal. (1982) 
Mongolian (n=7 litters, 39 pups) 
1236 mg/m' 
continuous, PND 0-28, PND 7-28, 
PND 14-28, PND 21-28 

unknown unknown unknown 

- I -

(decreased 
weight gain; 
increased pup 

mortality) 

no controls; mortality 
compared across exposure 

duration groups 

-̂  Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significantly affected. 
Unknown - Effect not evaluated. 
GD - Gestation day. 
PND - Postnatal day. 
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Table 3-18. Summary of Lowest Reported Effect (BOLDED) or No Effect Levels (ITALICS) for Developmental Effects after Oral 
Exposure to TCE. 

Study 
Strain 
Exposure Levels 
Exposure Conditions 

sRatSfc:-¥arv;-SSS;;&'ft.:;.-'?;j'-'i>-':-^ 
Manson etal. (1984) 
Long Evans (n=23/group) 
0,10, 100, lOQO mg/kg/day 
com oil gavage 
3 w k s & G D l - 2 l 
Narotsky and Kavlock (1995); Narotsky 
et al. (1995); Barton and Das (1996) 
Fisher 344 (n=8-2l/group) 
0-320, 475, 633-1500 mg/kg/day 
com oil gavage, 
GD 6-15 
Dawson et al. (1993); Johnson et al. 
(1998a; 2003) 
Sprague-Dawley (n=9-13/group) 
0.00045,0.048, 0.218,129 mg/kg/day 
drinking water 
GD 1-20 

Fisher etal. (2001) 
Sprague-Dawley CD* (n=20/group) 
0, 500 mg/kg/day 
soybean oil gavage 
GD6-I5 

Maternal 
Toxicity 

•*-ifcj. ' ' ' ;iyiiv-.j. ' 

+ 

+ 

-

-

Litter Effects 

S>;A;i.̂ 9«;'*;--!:::V-s, .v'^-i 

(litter size) 

+ 
(litters w/whole 

resorptions, 8%, fetal 
deaths/litter) 

(implantations/litter, 
resorptions/litter) 

-1-

(liners w/heart 
defects) 

(full litter resorption, 
implantations, litter 
size; litters w/heart 

defects, 60%) 

Fetal Effects 

•ir'vis\;vft5MSHw« f%;; 

(neonatal deaths) 

-1-

(pups w/eye defects) 

(body weight, external 
or other anomalies) 

-1-

(fetuses w/heart 
defects) 

(body weight; fetuses 
w/heart defects, 4.5%) 

Postnatal Effects 

mymm--mi:-i:jsm 

unknown 

unknown 

unknown 

unknown 

Other/Comments 

i,^;«i/?; ' '^:; -̂̂ 'isftsî 'ĵ ;};? 

organ specific 
malformation, other 

than eye defects, 
unknown; poorly 

documented 

unique heart dissection 
technique; small 

number of litters; wide 
dose spacing 

unique heart dissection 
technique; high rate of 

fetuses (6.5%) and 
liners (52%) with heart 

defect(s) in control 
litters 

+ Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significantly affected. 
Unknown - Effect not evaluated. 
GD - Gestation day. 
PND - Postnatal day. 
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Table 3-18 (continued). 

Study 
Strain 
Exposure Levels 
Exposure Conditions 

Isaacson and Taylor (1989); Noland-
Gerbec et al. (1986); Taylor et al. (1985) 
Sprague-Dawley (n= 18-20 pups/group) 
0,37,75 mg/kg/day 
drinking water 
before, during gestation & lactation 

NTP (1986) 
Fisher 344 (n=20/group) 
0,75, 150, 300 mg/kg/day 
diet; continuous, breeding 

•"Micie«SKt^?^*i•jr!'ii?:ftkK^Vfr•r^:•t^'%J^i 
Cosby and Dukelow (1992) 
B6D2F1 
0,24, 240 mg/kg/day 
corn oil gavage 
G D l - 5 , 1-6, or 11-16 

Frederiksson etal. (1993) 
NMRI (n=l2) 
0, 50, 290 mg/kg/day 
peanut oil gavage 
PND 10-16 

NTP (1985) 
CD-I Mice (n=20) 
0, 100, 30(?, 700 mg/kg/day 
continuous exposure, diet 

Maternal 
Toxicity 

-

(body weight) 

''Wv^:}'"'X/^l^ic 

-

unknown 

+ 
(liver weights, 
but only dose 

tested) 

Litter Effects 

unknown 

see Table 3-13 

9SJiKiy,.;»'i;;v*.;i?J'*H 

(litter size, 
implantations/litter) 

unknown 

see Table 3-13 

Fetal Effects 

unknown 

see Table 3-13 

i':,--H'^'^''-''*' >''*7''.w'''?:-v!; ^ \ ' - y -

(sex ratios, body 
weight) 

unknown 

see Table 3-13 

Postnatal Effects 

(body, brain weight) 
+ 

(decreased brain glucose 
uptake & myelinated 
fibers at 21 days; inc. 
activity at 60 days) 

+ 
(altered open field activity 
in 45-day old pups at 300 
mg/kg/day; decreased pup 

weight on PND 21) 

wmm:i,m:%Tm:m. 

unknown 

(clinical signs, body 
weight) 

+ 
(reduced rearing in 60-

day old pups) 

-1-

(decreased pup weight; 
NOEL of 300 mg/kg/day) 

Other/Comments 

imM^'^' '0:^i '¥^ 

+ Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significantly affected 
Unknown - Effect not evaluated. 
GD - Gestation day. 
PND - Postnatal day. 
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Table 3-19. Developmental Effects in Fisher 344 Rats Administered TCE in Corn Oil on Gestation Days 6-15 
(Summarized from Barton and Das, 1996; Narotsky et al., 199S; and Narotsky and Kavlock, 1995). 

Dose 
(mg/kg/day) 

0 

10 

32 

101 

320 

475 

633 

844 

1125 

1500 

Maternal 
Toxicity 

(decreased body 
weight gain) 

-

NR 

NR 

NR 

NR 

- I - " 

+^ 

+^ 

+*' 

+'' 

Litter Effects 

Whole Litter Resorptions 
No. Affected/Total No. (%) 

0/11 

NR 

NR 

NR 

NR 

1/12 (8%) 

0/11 

1/8(13%) 

5/10(50%) 

NR 

Percent 
Loss/Litter 

6% 

NR 

NR 

NR 

NR 

16% 

7% 

18% 

54%" 

85%'' 

Decreased Pup 
Weight/Litter 

-

NR 

NR 

NR 

NR 

-

-

-

+' 

+" 

Fetal Effects* 

Pups With Eye Defects 
No. Affected/Total No. (%) 

1/197(0.5%) 

0/71 (0%) 

0/85 (0%) 

3/68 (4.4%) 

3/82 (3.6%) 

6/100(6.0%)' 

6/100(60%)"^ 

7/58(12.1%)' 

12/44 (27.3%)' 

NR 

* Provided in Barton and Das (1996). 
' Significantly different (p<O.OI) from control group (t-test). 
'' Significantly different (p<0.001) from control group (t-test). 
' Significantly different (p<0.05) from control group (Fisher's exact test done by NYS DOH). 
NR - not reported. 
NS - not statistically significant (p>0.05). 
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Table 3-20. Heart Defects in Sprague-Dawley Rats Administered TCE in Drinking Water Pre-Pregnancy and on 
Gestation Days 1-22 or on Gestation Days 1-22 Only (Summary of Dawson et al., 1993; Johnson et 
al., 2003). 

TCE Water 
Concentration 

0 

Dawson et al. (1993)" 

Affeicted/Total Fetuses 
(Percent Affected) 

/•^ ^"7/232 (3%), 

Affected/Total 
Litters (Percent 

Affected) 

5/20' (25%) 

Johnson et al. (2003)" 

Affected/Total Fetuses 
(Percent Affected) 

13/606(2%) 

Affected/Total Litters 
(Percent Affected) 

9/55(16%) 

Gestation Exposures Only 

2.5 ppb 

250 ppb 

1 ;5 ppm 

1100 ppm 

'9/181*(6%)(p=dl5') 

11/105 (10%) (p<'0 01) 

5/13" (38%) 
(p=0.32) 

6/9'' (67%) (p=0.04) 

0/144, V-. ,-" 

5/110 (5%) ( ^ 0 1 3 ) ' 

9/l8l(5%)(p=0.04) 

11/105 (10%) (p<0.0l) 

, 0/12 ' ' / 

4/9 (44%) (p=0 07) •• 

5/l3(38%)(p=0.09) 

6/9(67%)(p<0.0l) 

Pre-pregnancy Plus Gestation Exposures 

1.5 ppm' 

1100 ppm' 

,22/256 (8%)(p=0 0I) 

,40/435 (9%)(p<0 01) 

13/27'(48%) 
(p=0.09) 

24/39' (62%) 
(p<0.0l) 

' 2 months pre-mattng & gestation 
"Group differences from control assessed using Fisher's exact test, one-tailed (NYS DOH analysis). 
' Control litter-based incidence reported in Johnson et al. (1993) and confirmed by Johnson (2005); unpublished litter-based 

incidence data provided by Johnson (2005). 
" Reported in Johnson et al. (2003). 
^ Fetus-based proportion reported as 10/181 in Dawson et al. (1993) which is incorrect (Johnson, 2005). 
Shaded cells are initial published data. 
Bolded text are preferred data for use in dose-response assessment. 
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Table 3-21. Uncertainties Associated with TCE Drinking Water Studies Reporting Congenital Heart Defects (Dawson et al., 
1993; Johnson et al., 2003). 

Category 

Conuol Groups 

Dose Rate Estimates 

Matemal body weight 
gain 

Missing data 

Area of Uncertainty 

• Johnson et al. (2003) only report cumulative control incidence; Johnson (2005) report that results for groups of'controls were 
obtained nearly continuously from June 1989 through October 1995. It is unclear what conUols are concurrent with new exposure 
groups (2.5 and 250 ppb) in Johnson et al. (2003). 

• Dawson et al. (1993) and Johnson et al. (2003) report results for the same groups of animals exposed to 1.5 ppm and 1100 ppm in 
drinking water during pregnancy. It is unclear how to reconcile die daily TCE intakes for Uiose two groups in the two papers. 
Dawson et al. (1993) report daily intake of 0.04 mcg/L and 14.44 mcg/L, respectively. They also report average initial dam body 
weight and average body weight increase during exposure.for each group. Using the mid-point between initial and final body 
weight, dose rates for the two Dawson groups are 0.185 and 68.1 mg/kg/day. Johnson et al. (2003) attempts to adjust exposure 
levels for TCE loss and reports "equivalent" dose rates directly as 0.218 and 129 mg/kg/day. If the intakes reported in Dawson 
(1993) are based on initial TCE concenu-ations in drinking water, corrected dose rates should be lower, not higher. 

• Johnson (2005) notes that animals in Johnson et al. (2003) consumed approximately 50 ml/day drinking water on average. Given 
the effective concenu^ations, and dose rales in Johnson et al. (2003), average body weights for the lowest to highest dose groups 
would be approximately 0.34,0.32, 0.50 and 0.63 kg, respectively. Thus, variability in matemal body weight is a potential 
confounding factor affecting the observed dose-response relationship for cardiac malformations. Johnson et al. (2003) reports that 
all dams were exposed for 22 days. Dawson et al. (1993) reports that dams in the 1.5 ppm pregnancy-only group were exposed 
for 20 days; dams in the 1100 ppm pregnancy-only groups were exposed for 18 days. 

• Although loss from drinking water is considered in Johnson et al. (2003), total intake may not have been decreased as much as the 
35% loss suggests because inhalation of TCE volatilized from the drinking is not considered. This could make the "equivalent" 
dose rates artificially low. 

• Dawson etal. (1993) report that body weight gain is similar for all groups exposed to TCE in drinking water at 1.5 and 1100 ppm, 
ranging from 110 to 135 g for groups l-VI. However, those groups differ in exposure duration from 18-101 days. The 
pregnancy-only groups gain similar weight in 18-20 days as the pre-pregnancy only in 82-101 days and as the pre-pregnancy 
groups in 81-96 days (including 20 days during gestation). Average initial body weight is reported as 250 g for all matemal 
animals, although it is unclear whether that is when animals are first obtained from the colony or at the beginning of exposure. 
The dose rate information in Johnson et al. (2003) and Johnson (2005) above suggest that groups may have begun exposures at 
significantly different body weights, and that relative body weight increase could, therefore, differ among exposure groups. This 
could suggest subtle effects of exposure on dams and/or could be an unaccounted co-variate that might explain some inter-litter 
variability within dose groups. 

• Dawson et al. (1993) conu-ol group reports 238 live fetuses, but results for only 232 hearts. Similarly, the same controls included 
in Johnson et al. (1993) are part of a larger group of 68 dams, for which spontaneous cardiac abnormalities were reported. 
However, results for only 54 dams are reported in Johnson et al. (1993). Missing data on control hearts and control dams are not 
considered in either paper. 
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Table 3-21 (continued). 

Category Area of Uncertainty 

Statistical design 

The data reported in Dawson et al. (1993) and Johnson et al. (1993, 2003) represent a continuing series of control and exposed 
dams evaluated over the course of more than 6 years. Per Johnson (2005) controls were obtained almost continuously during the 
period; some control groups are roughly concurrent with exposed groups, while some are not. It is not possible to clearly identify 
control incidence data that are concurtent with exposure treatments. 
Exposure temporal patterns varied among exposure groups (e.g., 1.5 ppm pregnancy-only group collected over about 16 months, 
n=13; 1100 pregnancy-only group collected over about 9 months, n=9; 0.0025 (n=12) and 0.25 ppm (n=9) groups each collected 
over 1 week) and exposure treatments sometimes overlapped, and sometimes did not. The design does not account for possible 
confounding due to changing conditions over time (e.g., environmental conditions, rodent colony population dynamics, colony 
epidemiologic changes, etc.). One concrete example appears to be changes in control fecundity over time. Johnson (2005) 
suggests that the rate of fetuses per litter in controls was usually between 10-12, but fell to 7/dam among 6 litters from 1/91-
10/92. As noted above, initial body weights of dams at the beginning of exposure may have also varied significantly throughout 
the study. 
The sequential nature ofthe study design also raises questions about complete randomization and blinding of investigators. 
Randomization is clearly not completely factorial in this design as any animal could not be assigned to any ofthe 7 total treatment 
groups at any one time. For a period of about 3 years, only control animals were analyzed. Hearts were reportedly coded after 
being harvested and subsequently evaluated in a blinded manner. However, blinding ofthe heart evaluations may not have been 
complete - particularly during 12/92-7/95 when only controls were evaluated. It is unclear whether hearts were evaluated all at 
once after all exposures were completed or as they became available. Blinding may have been less effective with respect to 
handling of animals and dissections prior to heart harvesting as not all groups were being evaluated siriiultaneously. ' 
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Table 3-22. Summary of Lowest Reported Effect (BOLDED) or No Effect Levels (ITALICS) for Developmental Effects in 
Rats after Oral Exposure to Metabolites of TCE. . 

Study 
Rat Strain 
Exposure Levels 
Exposure Conditions 

Developmental Parameter 

Maternal 
Toxicity 

Litter Effects Fetal Effects 
Postnatal 

EfTects 
Other/Comments 

^ T n | i i o r w ^ c | | i d { T C A ) ' - ' ' - ' I ' " - " . . 

Johnson etal. (1998b) 
Sprague-Dawley (n=IO-l 1/group) 
0, 291 mg/kg/day 
drinking water, GD 1-21 

Smith etal. (1989) 
Long-Evans (n=20-26/group) 
0,330,800,1200, 1800 
mg/kg/day 
oral intubation, GD 6-15 

Fisher etal. (2001) 
Sprague-Dawley CD* 
(n=20/group) 
0, 300 mg/kg/day 
water gavage, GD 6-15 

-

+ 

+ 
(maternal 

body 
weight; 
uterine 
weight) 

+ 
(implantations/ litter; 

resorptions/litter) 

+ 
(resorptions/liner) 

(full litter resorption, 
implantations, litter size; 
litters w/ fetuses w/ heart 

defects) 

+ 
(fetuses w/heart defect(s)) 

(body weight, external or other 
anomalies) 

+ • 

(fetuses w/heart defects, body 
weight, length skeletal, soft tissue 

anomalies) 

+ 
(body weight 

(fetuses w/heart defects) 

unknown 

unknown 

unknown 

unique heart dissection 
technique; single dose 

soft tissue anomalies 
principally in 

cardiovascular system; 
skeletal anomalies mainly 

in the orbit 

unique heart dissection 
technique 

Dichloroacetic acid (DCA) '~''' ; " - ' " ' * - - . • ' • ' ' • > ' ^ - ' ' / . . l - - . - - - ' ' " . - . -• 'T ' .^ '^ " ; " " ' ' ' ' - ^ r - ' 

Smith etal. (1992) 
Long-Evans (n = about /group 
0,900, 1400, 1900,2400 or 
0,14,140,400 mg/kg/day 
oral intubation, GD 6-15 

Epstein etal. (1992) 
Long-Evans 
0,1900 mg/kg/day 
oral intubation, GD 6-8, 9-11, 
or 12-15 

+ 

-

+ 
(resorptions/litter) 

unknown 

+ 
(fetuses w/heart defect(s), body 

weight, length; soft tissue 
anomalies 

(skeletal anomalies) 
+ . 

(fetal weight at term exposures 
on GD 6-8 only; heart 

defects/litter for exposures on 
GD9-11 or 12-15) 

unknown 

unknown 

soft tissue anomalies 
principally in 

cardiovascular system 

GD 6 may be before the 
beginning of organogenesis 

+ Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significant. 
Unknown - effect not evaluated. 
GD - Gestation day. 
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Table 3-22 (cont inued). 

Study 
Rat Strain 
Exposure Levels 
Exposure Conditions 

Developmental Parameter 

Maternal 
Toxicity 

Litter Effects Fetal EfTects 
Postnatal 

Effects 
Other/Comments 

Dichloroacetic acid (DCA) c o n t i n u e d , - - " . . ; ' r ^ . ' . , - : ' - ' -•' ^ ' ' ' .. ' ' > • , ' • . ^." ' ' ' - - ' - " ^ 

Fisher etal. (2001) 
Sprague-Dawley CD* 
(n=20/group) 
0, 300 mg/kg/day 
water gavage, GD 6-15 

-t-

(maternal 
body weight 

(full litter resorption, 
implantations, litter size; 
litters w/ fetuses w/ heart 

defects) 

+ 
(body weight 

(fetuses w/heart defects) 

unknown 
unique heart dissection 
technique, single dose 

Cfribriî effianoixf c o H ) ; p f s i « s ^ ^ i^mmmMfm' 
Johnson etal. (1998b) 
Sprague-Dawley (n=IO) 
0,67 mg/kg/day 
drinking water, GD 1-21 

(implantations/liner; 
resorptions/liner) 

(fetuses w/heart defects; body 
weight, external or other 

anomalies) 

unknown 
unique heart dissection 
technique; single dose 

+ Statistically significant effect observed (p<0.05). 
- Effect evaluated but not statistically significant. 
Unknown - effect not evaluated. 
GD - Gestation day. 
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Table 3-23a. Derivation of Potential TCE Air Criteria Based on Developmental Effects (Increased Litter Resorptions) in Rats 
Exposed via Inhalation. 

Study 

Healy etal. (1982) 
Species (strain): 

Rat (Wistar) 
Exposure Conditions: 

4 hrs/day on GD 8-21 
Effect: increased incidence of 

dams with total resorptions 
Point-of-departure: only 
exposure level 
Uncertainty Factors: 

LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
TOTAL 

Air Criteria (mcg/m')* 

• 

Experimental 
Exposure 

Level (mg/m') 

0 
537 

537 

10 
10 
3 

300 

1800 

Adjusted 
Exposure 

Level' (mg/m') 

0 
89.5 

89.5 

10 
10 
.3 

300 

300 

Equivalent Internal Dose Metric (Maternal) from PBPK 
Model 

Peak TCE 
(mg/L) 

0 
2.41 • 

2.41 

10 
10 
3 

300 

3400 

AUC TCE 
(mg-hr/L) 

0 
145.6 

145.6 

10 
10 
3 

300 

630 

Peak TCA 
(mg/L) 

0 
7.55 

7.55 

10 
10 
3 

300 

32/63" 

AUC TCA 
(mg-hr/L) 

0 
1453.4 

1453.4 

10 
10 
3 

300 

19/38" 

"Estimate based on free fraction of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
* For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air 

concentration under conditions of continuous exposure where the human intemal dose metric equaled the animal-based point-of-
departure (i.e., the human equivalent concentration). Uncertainty factors were then applied to the TCE air concentration to obtain a 
potential criterion. 
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Table 3-23b. Derivation of Potential TCE Air Criteria Based on Developmental (Postnatal) Effects in Rats Exposed via 
Drinking Water. 

Study 

Isaacson and Taylor (1989) 
Species (su-ain): 

Rat (Sprague-Dawley) 
Exposure Conditions: 

Drinking water exposure during 14 days 
prior to breeding, gestation days 1-21, & 
postnatal days (PND) 1-21 

Effect: decreased myelinated fibers in pups 
at PND 21 

Point-of-departure: LOEL" 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
TOTAL 

Air Criteria (mcg/m')* 

Oral Dose 
(mg/kg/day) 

0 
37 

Estimated 
Exposure Level 

(mg/m')' 

0 
32 

32 

10 
10 
3 

300 

110 

Equivalent Internal Dose Metric (Maternal) from PBPK Model" 

Peak TCE 
(mgfL) 

0 
0.0134 

0.0134 

10 
10 
3 

300 

19 

AUC TCE 
(mg-hr/L) 

0 
17.96 

17.96 

10 
10 
3 

300 

19 

Peak TCA 
(mgfL) 

0 
3.951 

3.951 

10 
10 
3 

300 

18/36' 

AUC TCA 
(mg-hr/L) 

0 
5226 

5226 

10 
10 
3 

300 

18/35' 

' Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the cortesponding rat oral dose, where 
TCE air concentration (mcg/m') = oral dose (mg TCE/kg/day) X rat body weight (0.28 kg) / rat daily inhalation rate (0.32 m'/day), rat values 
from Appendix 2, Table A-1). 

"Derived assuming all oral exposure occurs within 12 hours. 
' Estimate based on free fraction of TCA assuming free fraction TCA is two times lower in humans than iti rats (Lumpkin et al., 2003). 
" The study did not provide sufficient data to allow estimation of a BMDLio for a continuous endpoint using US EPA Benchmark Dose Software. 
* For each criterion based on an intemal dose metric, iterative mns ofthe human PBPK model were used to find the TCE air concentration under 

conditions of continuous exposure where the human internal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent 
concentration). Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 

212 

AR100582



Table 3-23.C. Derivation of Potential TCE Air Criteria Based on Developmental Effects in Female Pups of Rats Exposed 
via Diet. 

Study 

NTP (1986) 
Species (su-ain): 

Rat (Fisher) 
Exposure Conditions: 
Diet, throughout gestation & 

postnatal days (PND) 1-21 
Effect: decreased female pup weight 

atPhJD21 

Point-of-departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
TOT/U. 

Air Criteria (mcg/m')** 

Oral Dose 
(mg/kg/day) 

0 
75 
150 
300 

Estimated 
Exposure Level'* 

(mg/m') 

0 
65.6 
131 
262 

LOEL 

65.6 

10 
10 
3 

300 

220 

BMDL.o' 

9.4 

10 
3 

30 

310 

Equivalent Internal Dose Metric from PBPK Model'' 

Peak TCE (mg/L) 

0 
0.064 
0.217 
2.70 

LOEL 

0.064 

10 
10 
3 

300 

92 

BMDLio' 

_<i 

-

AUC TCE 
(mg-hr/L) 

0 
21.6 
73.3 
837 

LOEL 

0.514 

10 
10 
3 

300 

31 

BMDLio' 

_ i 

-

Peak TCA (mg/L) 

0 
7.55 
13.8 
21.3 

LOEL 

7.55 

10 
10 
3 

300 

32/64' 

BMDLio' 

0.797 

10 
3 
30 

40/80= 

AUC TCA 
(mg-hr/L) 

0 
4570 
8210 

13,000 

LOEL 

109 

10 
10 
3 

300 

20/40* 

BMDLio' 

11.4 

10 
3 
30 

24/48' 

" Estimated TCE air concenttation under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose, where TCE air concentration 
(mcg/m') = oral dose (mg TCE/kg/day) X rat body weight (0.28 kg) / rat daily inhalation rate (0.32 m'/day), rat values from Appendix 2, Table A-1). 

'Derived assuming all oral exposure occurs within 12 hours. 
' Based on polynomial model fit for continuous data; model giving adequate fit and lowest BMDLio was used. 
'' An adequate model fit to estimate a BMDLio could not be obtained using US EPA Benchmark Dose Software. 
" Estimate based on free fraction of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
• Dose-response data were inadequate to estimate a BMDLio. Response for mean pup body weight (±1 standard deviation) was 27.24 ± 2.88, 23.58 + 2.40,24.75 ± 
2.29, and 21.74 ± 2.82 for parental rats given oral doses of 0, 75, 150, and 300 mg TCE/kg/day, respectively. 

* ' For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration under conditions of 
continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent concentration). Uncertainty 
factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-23d. Derivation of TCE Air Criteria Based on Developmental Effects in Male Pups of Rats Exposed via the Diet. 

Study 

NTP (1986) 
Species (strain): 

Rat (Fisher) 
Exposure Conditions: 

Diet, throughout gestation & 
posmatal days (PND) 1-21 

Effect: decreased male pup weight 
at PND 21 

Point-of-departure 

Uncertainty Factors: 
LOEL to NOEL 
Intraspecies (human variation) 
Interspecies 
TOTAL 

Air Criteria (mcg/m' )" 

Oral Dose 
(mg/kg/day) 

0 
75 
150 
300 

Estimated 
Exposure Level'* 

(mg/m') 

0 
65.6 
131 
262 

LOEL 

65.5 

10 
10 
3 

300 

220 

BMDLio' 

11.3 

10 
3 

30 

380 

Equivalent Internal Dose Metric from PBPK Model" 

Peak TCE (mg/L) 

0 
0.064 
0.217 
2.70 

LOEL 

0.064 

10 
10 
3 

300 

92 

BMDLio' 

_d 

-

AUC TCE 
(mg-hr/L) 

0 
21.6 
73.3 
837 

LOEL 

0.514 

10 
10 
3 

300 

31 

B M D L I O ' 

_d 

-

Peak TCA (mg/L) 

0 
7.55 
13.8 
21.3 

LOEL 

7.55 

10 
10 
3 

300 

32/64' 

B M D L I O ' 

0.907 

10 
3 

30 

45/90' 

AUC TCA 
(mg-hr/L) 

0 
4570 
8210 

13.000 

LOEL 

109 

10 
10 
3 

300 

20/40' 

B M D L I O ' 

5.0 

10 
3 

30 

11/22' 

• Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose, where TCE air concentration 
(mcg/m') = oral dose (mg TCE/kg/day) X rat body weight (0.28 kg) /rat daily inhalation rate (0.32 m'/day), rat values from Appendix 2, Table A-1). 

' Derived assuming all oral exposure occurs within 12 hours. 
' Based on polynomial model fit for continuous data; model giving adequate fit and lowest BMDLio was used. 
'' An adequate model fit to estimate a BMDLio could not be obtained using US EPA Benchmark Dose Software. 
' Estimate based on free fi-action of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
* Response for mean pup body weight (± I standard deviation) was 28.59 ± 3.38, 24.15 ± 2.99,25.36 ± 1.78, and 24.05 ± 2.62 for parental rats given oral doses 

of 0, 75, 150, and 300 mg TCE/kg/day, respectively. 
*• For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentratiotl under conditions of 

continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent concentration). 
Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-23e. Derivation of Potential TCE Air Criteria Based on Developmental Effects (Litters with Congenital Heart Defects) in Rats 
Exposed via Drinking Water During Gestation. 

Study 

Dawson et al. (1993) with 5/20 conttol incidence 
(Johnson et al., 1993; Johnson, 2005) 
Species (strain): Rat (Sprague-Dawley) 
Exposure Conditions: Drinking water throughout 

gestation (18-20 total days) 
Effect: incidence of liners containing any fetuses 

with any congenital heart defect 

Point-of-departure: BMDLio'' 

Uncertainty Factors: 
Inttaspecies (human variation) 
Interspecies 
TOTAL 

Air Criteria (mcg/m')** 

Oral Dose 
(mg/kg/day)'* 

0 
0.185 
68.1 

Estimated 
Exposure 

Level (mg/m')" 

0 
0.162 
59.6 

1:36 

10 
3 
30 

45 

Equivalent Internal Dose Metric (Maternal) from PBPK Model' 

Peak TCE 
(mg/L) 

0 
13x10- ' 

0.071 

0.00162 

10 
3 
30 

23 

AUC TCE 
(mg-hr/L) 

0 
0.030 
14.4 

0.0183 

10 
3 

30 

II 

Peak TCA 
(mg/L) 

0 
0.039 
9.4 

0.211 

10 
• 3 

30 

11/22' 

AUC TCA 
(mg-hr/L) 

0 
12.0 
2730 

3.40 

10 
3 
30 

7/15' 

' Group average dose based on reported average daily intake in mcL of TCE, the room-temperature density of TCE (1.465 mg/mcL) and reported average initial 
body weights and weight gain per group. 

" Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose, where TCE air 
concentration (mcg/m') = oral dose (mg TCE/kg/day) X rat body weight (0.28 kg) / rat daily inhalation rate (0.32 m'/day), rat values from Appendix 2, Table 
A-1). 

' Derived assuming all oral exposure occurs within 12 hours. 
'' Based on log-logistic fit for dichotomous data; model giving adequate fit and lowest BMDLio was used. 
'Estimate based on free faction of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
* Response for incidence of litters with at least one fetus with a heart defect was 5/20, 5/13 and 6/9 for rats given oral doses of 0, 0.185, and 68.1 mg 

TCE/kg/day, respectively. 
** For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration under conditions of 

continuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent concentration). 
Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-23f. Derivation of Potential TCE Air Criteria Based on Developmental Effects (Litters with Congenital Heart Defects) in Rats 
Exposed via Drinking Water Prior to Pregnancy and During Gestation. 

Study 

Dawson et al. (1993) with 5/20 conttol incidence 
(Johnson et al., 1993; Johnson, 2005) 
Species (strain): Rat (Sprague-Dawley) 
Exposure Conditions: Drinking water exposure during 

pre-pregnancy plus gestation (81-96 total days; 20 
days during gestation) 

Effect: incidence of litters with any fetuses with any 
congenital heart defect 

Point-of-departure: BMOLio*" 

Uncertainty Factors: 
Inttaspecies (human variation) 
Interspecies 
TOTAL 

Air Criteria (mcg/m')** 

Oral Dose 
(mg/kg/day)'* 

0 
0.192 
70.7 

Estimated 
Exposure 

Level (mg/m')" 

0 
0.168 
61.9 

4.8 

10 
3 
30 

160 

Equivalent Internal Dose Metric (Maternal) from PBPK Model' 

Peak TCE 
(mg/L) 

0 
0.000135 

0.075 

0.0058 

10 
3 

30 

83 

AUC TCE 
(mg-hr/L) 

0 
0.1498 

68.4 

0.0653 

10 
3 

30 

39 

Peak TCA 
(mglL) 

^ 0 
0.0404 

9.82 

0.754 

10 
3 -
30 

40/80' 

AUC TCA 
(mg-hr/L) 

0 
63.8 

13,100 

12.5 

10 
3 
30 

27/54' 

' Group average dose rate based on average daily intake in mcL of TCE (corrected value for low-dose group 11 = 0.04 mcL/day, (Johnson, 2005), the room-
temperature density of TCE (1.465 mg/mcL) and the reported average initial body weights and weight gain per group. 

"Estimated TCE air concentration under a continuous exposure scenario where the rat inhaled dose equals the corresponding rat oral dose, where TCE air 
concentration (mcg/m') = oral dose (mg TCE/kg/day) X rat body weight (0.28 kg) / rat daily inhalation rate (0.32 m'/day), rat values from Appendix 2, Table 
A-1). 

' Derived assuming all oral exposure occurs within 12 hours. 
'' Based on log-logistic fit for dichotomous data; model giving adequate fit and lowest BMDLio was used. 
' Estimate based on free facfion of TCA assuming free fraction TCA is two times lower in humans than in rats (Lumpkin et al., 2003). 
* Response for incidence of liners with at least one fetus with a heart defect was 5/20, 13/27 and 24/39 for rats given oral doses of 0, 0.192, and 70.7 mg 

TCE/kg/day, respectively. 
** For each criterion based on an intemal dose metric, iterative runs ofthe human PBPK model were used to find the TCE air concentration under 

conditions of conttnuous exposure where the human intemal dose metric equaled the animal-based point-of-departure (i.e., the human equivalent 
concentration). Uncertainty factors were then applied to the TCE air concentration to obtain a potential criterion. 
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Table 3-24. Summary of Potential TCE Air Criteria Based on Developmental Effects in Animals. 

Study 

Potential Criteria (mcg/m') and Basis* 

Default Approach 

TCE Air Concentration 

Experimental 

Effect 
Level 

/LOEL 
BMDL 

TWA** 

Effect 
Level 

/LOEL 
BMDL 

PBPK Approach (Internal Dose Metric) 

TCE 

Peak 

Effect 
Level 

/LOEL 
BMDL 

AUC 

Effect 
Level 

/LOEL 
BMDL 

TCA 1 

Peak 

Effect 
Level 

/LOEL 
BMDL 

AUC 

Effect 
Level 

/LOEL 
BMDL 

Critical Studies 

Inhalation Studies 

Healy etal. 
(1982)*** 

1800 ~ 300 - 3400 - 630 - 32/63' . - 19/38' 

Oral Studies 

Isaacson & 
Taylor (1989) 

not relevant no* - 19* - 19 ' - 18/36" - 18/35" -

NTP (1986) 

female pup wt 

male pup wt 

not relevant 

not relevant 

220 ' 

220* 

310 

380 

9 2 ' 

9 2 ' 

-

-

3 1 ' 

3 J ' 

-

-

32/64" 

32/64" 

40/80" 

45/90' 

20/40" 

20/40" 

24/48" 

11/22' 

Supporting Oral Study 

Dawson et al. (1993); Johnson et al. (1993); Johnson (2005) 

gestation 
exposure 
pre-pregnancy 
and gestation 
exposure 

not relevant 

not relevant 

-

-

45 

160 . 

. -

-

23 

83 

-

-

11 

39 

-

-

11/22" 

40/80" 

- 7/15' 

27/54' 

* All data from Table 3-23a to 3-23f 
** Time-weighted-average (TWA) concentration during exposure period. 
*** Study had only one TCE exposure level. 
" Estimate based on free fraction of TCA. 
• LOEL. 
- Dose-response data were inadequate to estimate a NOEL/LOEL or BMDLio. 
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Table 3-2S. S u m m a r y o f Recommended A i r C r i t e r i a for T C E ( m c g / m ^ Based on Non-Carc inogenic Effects. 

Organ/System/Li 
festage 

CNS 

Liver 

Kidney 

Reproductive 

Developmental 

Efrect(s) 

coordination, nerve 
conduction 

increased weight 

increased weight 

abnormal sperm 
morphology 

testicular effects, 
including weight 

whole litter 
resorptions 

brain myelination in 
21-day old pups 

pup growth 

Basis 

human, occupational, 
effect level 

mouse (male), inhalation, 
BDMLio 

mouse (female), 
inhalation, BDMLio 

mouse, inhalation, 
BDMLio 

rat, inhalation, only 
exposure level tested 

rat, inhalation, only 
exposure level tested 

rat, oral, LOEL 

rat (male), oral, BDMLio 

TCE Criteria (mcg/m') 

Potential 
(Default Approach) 
Adult 

-

66 

250 

170 

240 

>300 

-

220 

Child 

-

66 

250 

- • 

-

300** 

110** 

220** 

Recommended 
(PBPK Approach) 

Dose Metric 

Urinary TCA; TCE 
Air Concentration* 

AUC TCA (free) 
Peak TCA (free) 
Total Metabolites 

AUC DCVC 

AUC TCA (free) 
Peak TCA (free) 
AUC TCE 
Peak TCE 
AUC TCA (fiee) 
Peak TCA (free) 
AUC TCE 
Peak TCE 
AUC TCA (free) 
Peak TCA (free) 
AUC TCE 
Peak TCE 
AUC TCA (free) 
Peak TCA (free) 
AUCTCE 
Peak TCE 
AUC TCA (free) 
Peak TCA (free) 
AUC TCE 
Peak TCE 

Value 

11*** 

160*** 
290*** 
250*** 

160*** 

32 
64 
320 

2000 
20 
36 

900 
5100 

38 
63 
630 
3400 

35 
36 
19 
19 
22 
90 
31 
92 

Recommended Criteria 
(mcg/m') 

Study 

11 

160 

160 

32 

20 

38 

• 

19 

22 

Organ/ 
System/ 

Lifestage 

11 

160 

160 

20 

20** 
(mean of 2 

lower values) 

* The point-of-departure and dose metric was a TCE air concenffation, 
** These criteria are considered protective of children since they are all 

surrogate for children. 
*** Adult and childhood criteria. 

but it was estimated from urinary TCA concentrations using the human PBPK model, 
based on effects in embryos, fetuses, or neonatal pups, which can all be considered 
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Table 4-1. Compilation of in vitro Genotoxicity Data on TCE (reviewed by ATSDR, 1997; Briining 
and Bolt, 2000; Fahrig et al., 1995; lARC, 1995; and Moore and Harrington-Brock, 
2000). 

Reference 

Crebelli etal. (1985) 

Crebelli etal. (1992) 

Whittaker etal. (1990) 

Koch etal. (1988) 

Tu etal. (1985) 

Price etal. (1978) 

Amacher and Zelljadt (1983) 

Ishidate (1988) 

Galloway etal. (1987) 

NTP Report TR 273 (1988) 

Rossman etal. (1991) 

Keller and Heck (1988) 

Greim etal. (1975) 

Bronzetti etal. (1978) 

Henschler etal. (1977) 

Strobel and Grummt (1987) 

Mersch-Sundermann et al. (1989) 

Baden etal. (1979) 

Bartschetal.(1979) 

Crebelli etal. (1985) 

McGregor etal. (1989) 

Mortelmatis etal. (1986) 

Roldan-Arjona etal. (1991) 

Shimada etal. (1985) 

Simmon etal. (1977) 

Waskell (1978) 

Baden etal. (1979) 

Kringstad etal. (1981) 

Mortelmans etal. (1986) 

Shimada etal. (1985) 

Mortelmans etal. (1986) 

McGregor etal. (1989) 

Mortelmans etal. (1986) 

Crebelli etal. (1985) 

Species 

A. nidulans 

A. nidulans PI 

S. cerevisiae D61.M 

S. cerevisiae D61 .M 

C3T3 mouse cells 

rat embryo cells 

Syrian hamster embryo 

Chinese Hamster Liver cells 

Chinese Hamster Ovary cells 

Chinese Hamster Ovary cells 

E. coli 

rat liver nuclei 

E. coli 

S. cerevisiae D7 

S. typhimurium 

S. typhimurium 

S. typhimurium BAL 13 

S. typhimurium TA 100 

S. typhimurium TA 100 

S. typhimurium TA 100 • 

S. typhimurium TA 100 

S. typhimurium TA 100 

S: typhimurium TA 100 

S. typhimurium TA 100 

S. typhimurium TA 100 

S. typhimurium TA 100 

S. typhimurium TA 1535 

S. typhimurium TA J535 

S. typhimurium TA J535 

S. typhimurium TA 1535 

S. typhimurium TA 1537 

S. typhimurium TA 98 

S. typhimurium TA 98 

A. nidulans 

Endpoint 

aneuploidy 

aneuploidy 

aneuploidy 

aneuploidy 

cell transformation 

cell transformation 

cell transformation 

chromosome aberrations 

chromosome aberrations 

chromosome aberrations 

depression ofthe 
bacterial SOS system 

DNA protein crosslinks 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

Result 

With 
Activation 

nd 

nd 

nd 

+ 

nd 

nd 

nd 

-

-

-

• (+) 

-

(+) 

-(-

-

+ 

-

( + ) • 

-

-t-

-

-

-

(+) 

-

-

nd 

-

-

-

-

-

nd 

Without 
Activation 

-1-

+ 

-

+ 

(+) 
- I - ' 

-

-

-

-

nd 

nd 

nd 

-

-

+ 

^-

-

-

-

-

-

-

-

(+) 

-

-

(+) 

-

-

-

-

(+) 
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Table 4-1 (continued). 

Reference 

Shahin and Von Borstel (1977) 

Rossi etal. (1983) 

Loprieno and Abbondandolo 
(1980) 

Caspary etal. (1988) 

Caspary etal. (1988) 

Myhr and Caspary (1991) 

NTP Report TR 273 (1988) 

von derHude etal. (1988) 

Roldan-Arjona et al. (1991) 

Bronzetti etal. (1978) 

Callen etal. (1980) 

Koch etal. (1988) 

Matsui etal. (1989) 

Bronzetti etal. (1978) 

Callen etal. (1980) 

Koch etal. (1988) 

Galloway etal. (1987) 

NTP Report TR 273 (1988) 

White etal. (1979) 

Nakamura etal. (1987) 

Perocco and Prodi (1981) 

Beliles etal. (1980) 

Milman etal. (1988) 

Costa and Ivanetich (1984) 

Milman etal. (1988) 

Shimada etal. (1985) 

Williams etal. (1989) 

Species 

S. cerevisiae XyiSS-IAc 

S.pombe?-] 

S. pombe SP-\9S 

human lymphoblast 

mouse lymphoma 

mouse lymphoma 

mouse lymphoma 

E. coli 

S. typhimurium BA 13 & BAL 13 

S. cerevisiae D7 

S. cerevisiae D7 

S. cerevisiae D7 

B.subt i l i sHn &M45 

S. cerevisiae D7 

S. cerevisiae D7 

S. cerevisiae D7 

Chinese Hamster Ovary cells 

Chinese Hamster Ovary cells 

Chinese Hamster Ovary cells 

S. typhimurium 1535 

human lymphoblast 

human WI-38 

mouse hepatocyte 

rat hepatocytes 

rat hepatocytes 

rat hepatocytes 

rat hepatocytes 

Endpoint 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

gene mutation 

LacZ gene expression 

L-arabinose resistance 

non-reciprocal DNA 
recombination 

non-reciprocal/reciprocal 
DNA recombination 

non-reciprocal/reciprocal 
DNA recombination 

DNA repair deficiency 

reverse gene mutation 

reverse gene mutation 

reverse gene mutation 

sister chromatid exchange 

sister chromatid exchange 

sister chromatid exchange 

umu gene expression 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

Result 

With 
Activation 

inc 

-

-

-

(+) 

(+)' 

(+) 

-

-

+ 

+ 

-

-

+ 

- • 

-

(+) 

-1-

nd 

-

inc 

(+) 

nd 

nd 

nd 

nd 

nd 

Without 
Activation 

nd 

-

-

-

-

-

-

- • 

-

-

nd 

nd 

• -

nd 

nd 

nd 

(+) 

inc 

-

-

inc 

(+) 

-1-

-1-

-

-

-

+ positive 
- negative 
(+) weakly positive 
inc - inconclusive 
nd - not done 
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Table 4-2. Compilation of in vivo Genotoxicity Data on TCE (reviewed by ATSDR, 1997; Bruning and Bolt, 2000; Fahrig 
et al., 1995; LVRC, 1995; and Moore and Harrington-Brock, 2000). 

Reference 

Keller and Heck (1988) 

McLaren etal. (1994) 

Nelson and Bull (1988) 

Parchman and Magee (1982) 

Walles (1986) 

Slacik-Erben etal. (1980) 

Fahrig (1977) 

Allen etal. (1994) 

Duprat and Gradiski (1980) 

Kligerman etal. (1994) 

Shelby (1993) 

Kligerman etal. (1994) 

Beliles etal. (1980) 

Kligerman etal. (1994) 

Loprieno and Abbondandolo (1980) 

Doolittle etal. (1987) 

Mirsalis etal. (1989) 

Species (test system) 

mouse 

rat 

rat 
mouse - liver (alkaline unwinding assay) 

rat - liver (alkaline unwinding assay) 
mouse - liver * 

mouse - liver (alkaline unwinding assay) 

mouse - kidney (alkaline unwinding assay) 

mouse - lung (alkaline unwinding assay) 

mouse 

mouse spermatocytes 

mouse bone marrow erythrocytes 

rat lymphocytes 

rat bone marrow erythrocytes 

mouse splenocytes 

mouse bone marrow erythrocytes 

mouse bone marrow erythrocytes 

rat lymphocytes 

mouse splenocytes 

D. melanogaster 

rat lymphocytes 

mouse splenocytes 

mouse bone marrow erythrocytes 

mouse hepatocytes 

mouse hepatocytes 

rat hepatocytes 

Endpoint 

DNA protein crosslinks 

DNA single strand breaks 

DNA single strand breaks 
DNA single strand breaks 
DNA single strand breaks 
DNA single strand breaks 
DNA single strand breaks 

DNA single strand breaks 

dominant lethal mutation 

gene mutation 

micronuclei 

micronuclei 

micronuclei 

micronuclei 

micronuclei 

micronuclei 

micronuclei 

sister chromatid exchange 

sister chromatid exchange 

structural chromosomal aberrations 

structural chromosomal aberrations 

structural chromosomal aberrations 

structural chromosomal aberrations 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

unscheduled DNA synthesis 

Result 

-
+ 

+ 
+ 

-
+ • 

+ 

-
-

(+) 

+ 

-
+ 

-
-
-
-
-
-
-
-

inc 

-
-
-

+ positive 
- negative 
(+) weakly positive 
inc - inconclusive 
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Table 4-3. Compilation of in vivo Host-Mediated Assay Genotoxicity Data for TCE (reviewed by ATSDR, 1997; Bruning and 
Bolt, 2000; Fahrig et al., 1995; lARC, 1995; and Moore and Harrington-Brock, 2000). 

Reference 

Bronzetti et al. 
(1978) 

Rossi etal. (1983) 

Loprieno and 
Abbondandolo 

(1980) 

Species 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae 

S. cerevisiae D7 

S. cerevisiae D7 

S. cerevisiae D7 

S. pombe P-1 

S. pombe SP-198 

S. pombe SP-198 

S. pombe SP-198 

S pombe SP-198 

S. pombe SP-198 

Host 

mouse - liver 

mouse - lung 

mouse - kidney 

mouse - liver 

mouse - lung 

mouse - kidney 

mouse - liver 

mouse - lung 

mouse - kidney 

mouse - peritoneum 

mouse - liver 

mouse - lung 

mouse - kidney 

mouse - peritoneum 

rat - peritoneum 

Endpoint 
non-reciprocal/reciprocal DNA 

recombination 
non-reciprocal/reciprocal DNA 

recombination 
non-reciprocal/reciprocal DNA 

recombination 

non-reciprocal DNA recombination 

non-reciprocal DNA recombination 

non-reciprocal DNA recombination 

reverse gene mutation 

reverse gene mutation 

reverse gene mutation 

forward gene mutation 

forward gene mutation 

forward gene mutation 

forward gene mutation 

forward gene mutation 

forward gene mutation 

Result 

-f 

-1-

+ 

(+) 

-

-1-

• -

-

-

-

-

-

-

(+) 

-
+ positive 
- negative 
(-I-) weakly positive 
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Table 4—4. Compilation of Human Monitoring Genotoxicity Data for TCE (reviewed by ATSDR, 1997; Briining and Bolt, 2000; 
Fahrig et al., 1995; lARC, 1995; and Moore and Harrington-Brock, 2000). 

Reference 

Konietzko etal. (1978) 

Rasmussen etal. (1988) 

Konietzko etal. (1978) 

Seiji etal. (1990) 

Nagaya etal (1989b) 

Gu etal. (1981) 

Brandom etal. (1990) 

Rasmussen etal. (1988) 

Endpoint 

aneuploidy 

aneuploidy 

chromosome aberration 

chromosome aberration 

sister chromatid exchange 

sister chromatid exchange 

sister chromatid exchange 

sister chromatid exchange 

sister chromatid exchange 

sister chromatid exchange 

sperm morphology 

Smoking Status 

unknovm 

unknown 

unknown 

unknown 

non-smokers 

smokers 

non-smokers 

smokers 

unknown 

unknown 

unknown 

Matched controls 

no 

no 

no 

no 

yes 

yes 

yes 

yes 

no 

no 

no 

Result 

inc 

inc 

(+) 

inc 

-

(+) 

-

-

(+) 

\ 

-

+ positive 
- negative 
(-I-) weakly positive 
inc - inconclusive 
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Table 5-1. Summary of Results of Epidemiologic Studies Relevant to Human Carcinogenicity of TCE (modified from 
Wartenberg et al., 2000a). 

Cancer 

Kidney 

Liver 

Liver/Biliary 

Non-
Hodgkin's 
Lymphoma 
Hodgkin's 
Disease 

Cervix 

Cohort Studies* 

Tier I 

SIR 

%U5f 

•1.9 ( 3 r 

1.1(1) 

1.5(4) 

1.5(2) 

SMR 

1.2(5) 

1.7(1) 

1.1(4) 

1.2(3) 

.2,o;(4)--

1.8(1) 

Tier H 

SIR 

SB 
no data 

no data 

no data 

no data 

1.1(1) 

SMR 

1.3(6) 

2^0(4) 

1 3 (4) 

0.9(3) 

0.8 (5) 

1.2(1) 

Tier HI 

SIR 

0.9 (4) 

J t 
-33(1) 

L8'(2) 

1.4(2) 

no 
cases 

0.8(1) 

SMR 

2 sVs), 
no 

cases 

0.7 (4) 

no 
cases 

2.1(1) 

IMS 

Case-Control Studies* 

TCE 

:?" 
no data 

0/1 

1/4 

I/I 

no data 

Solvents 

' 4/12" 

/ 3 / 5 ? " 

no data 

^^l 
;2>2^'~ 

no data 

Dry-
Cleaning 

3/9 ^ 

1/3 

no data 

no data 

no data 

no data 

Community 
Based* 

no data 

0/2 

no data 

f , 2/4 ! ^ 

0/2 

no data 

Summary 

evidence of 
risk ("most 
compelling 

& consistent 
results") 

evidence of 
risk ("next 

most 
compelling 

results") 

* For cohort studies: mean relative risk (SIR or SMR) (number of individual risk estimates averaged); see text for definition of Tier 1,11, 
and III studies. 
For case-control and community based studies: number of relative risk estimates significantly elevated above 1 (i.e., lower 95% CI 
on RR ̂  1.0)/number of individual risk estimates reported. 

Shaded cells: 
Cohort studies: average relative risk (cohort studies) elevated above I (i.e., lower 95% CI on RR S 1.0). 
Case-control or community-based studies: two or more individual studies with relative risk elevated above I (i.e., lower 95% CI on 

RR>1.0). 
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Table 5-2. OR (95% Cis) for Human Renal Cell Carcinoma Adjusted for Gender, Study Center 
and Smoking Reported in Case Control Study in Germany (Pesch et al., 2000). 

Job Task or 
Substance 

Exposure Index 
(Medium) 

Exposure Index 
(HiEh) 

Exposure Index 
(Substantial) 

Organic Solvents: British JEM 

Men 

Women 

1.1(0.8-1.4) 

1.3(0.8-2.0) 

1.0(0.8-1.3) 

1.2(0.7-1.9) 
^mMmMiMW&M 

0.3(0.1-1.3) 

Solvents: JTEM 

Men 

Women 
';it-'M0^$f̂ )'Mi'̂  

1.4(0.8-2.4) 

1.1(0.8-1.4) 

0.5(0.2-1.1) 

- , . 1 5 ( 1 0 - 2 3 ) . > 

2 1 ( 1 0 - 4 4 ) ^ „ 

Chlorinated Solvents: JTEM 

Men 

Women 
WMmmmmM 

1.2(0.7-2.2) 

1.1(0.9-1.5) 

1.1(0.6-2.0) 

1.4(0.9-2.1) 

1.3(0.5-3.3) 

TCE: German JEM 

Men 

Women 

1.1(0.9-1.4) 

1.2(0.8-1.8) 

1.1(0.9-1.4) 

1.3(0.8-2.0) 

1.3(0.9-1.8) 

0.8(0.3-1.9) 

TCE: JTEM 

Men 

Women 
ppi^Wim^MfW&k 

1.3(0.7-2.6) 

1.1(0.8-1.5) 

0.8(0.4-1.9) 

1.3(0.8-2.1) 

1.8(0.6-5.0) 

Shaded cells: OR significantly greater than 1 (i.e., lower 95% CI on OR ̂ 1.0). 
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Table 5-3. ORs and 95% Cis for Human Renal Cell Carcinoma Reported in Case Control Study in Germany 
(Bruning et al., 2003). 

Measure of Exposure 

Longest held Job in industries with 
TCE/tetrachloroethene exposure 

Ever worked in metal greasing/degreasing 

Cases (n) 

117 

15 

Controls (n) 

316 

11 

OR (95% CI) 

1 8 ( 1 0 - 3 2 ) . ' ' ' . ' ' 

•'' • 5 6 ( 2 3 - 1 3 3 ) ' - " " .-
Exposure to degreasing (British JEM) 

Low exposure 
High exposure 

9 
7 

14 
20 

2.1(0.9-5.2) 
1.0(0.4-2.5) 

Exposure to organic solvents (British JEM) 
Low exposure 
High exposure 

8 
8 

13 
17 

1.8(0.7-4.6) 
1.4(0.6-3.6) 

Self-assessed exposure 
TCE 
Solvents 

25 
36 

38 
61 

. 2 5 ( 1 4 - 4 5 ) ^ , . 
2 6 ( 1 5 - 4 4)' 

Self-assessed narcotic symptoms 
Any occurrence 
Non-daily occurrence 
Daily occurrence 

19 
13 
5 

18 
10 
4 

3 7 ( 1 8 - 7 5 ) ' 
4 6 ( 1 9 - 1 1 3 V ;.• 
5 9 ( 1 5 - 2 4 0).. . ' • 

Self-assessed duration of exposure to TCE 
No exposure 
<10 years 
10-20 years 
20+ years 

109 
11 
7 
6 

363 
14 
13 
7 

1 
3 8 ( 1 5 - 9 3 ) V ' ' •' '-• 
1.8(0.7-4.8) 
2.7(0.8-8.7) 

Self-assessed duration of exposure to solvents 
No exposure 
<10 years 
10-20 years 
20+ years 

98 
16 
9 
10 

340 
22 
16 
22 

1 
•rV^;r<?-iv4M .(1 i8?'9yi)K rci^'fvtf:^^' 

2.0(0.8-4.9) 
1.6(0.7-3.8) 

Self-assessed time since last TCE exposure 
No exposure 
<5 years 
5-10 years 
10-20 years 
20+ years 

109 
1 
4 
7 
13 

363 
2 
9 
4 

20 

1 
3.3 (0.3 - 39.0) 
1.9(0.5-6.7) 

•e"V!J.'lSi;;^:2!(2;0S26;8);:ms'Skgfe 
V'e^Mr:-l£^(^Xi^{(mS^^:i;:Si^Mi 

Shaded cells: OR significantly greater than I (i.e., lower 95% CI on OR S 1.0). 
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Table 5-4. Standard Incidence Ratio (95% Cis) of Cancers in a Cohort of Workers in Danish Companies Using 
TCE and in a Subcohort of Workers with Expected Higher Exposures to TCE (Raaschou-Nielsen et 
al., 2003). 

Cancer Site (Group) 

Total Cancers 

Men 

; / 1 1 ( 1 0 - 1 1 ) } 

Women 

" ^ 1 1 2 ( 1 1 - 1 3 ) ;. 

Total 

not reported 

Non-Hodgkin's Lymphoma 

Cohort 

Subcohort* 

1.2(0.98-1.5) 

not reported 

1.4(0.73-2.3) 

not reported 
r^'^MiB^mmm^-^^ 
& S : i ^ 5 | l ! p 2 : 0 ) l J ^ 

Esophagus (adenocarcinoma) 

Cohort 

Subcohort* 

. -\vl.8"(l,2-^2.7) . -•" 

not reported 

0(0-8.3) 

not reported 

^ . - 1 8 ( 1 1 - 2 6 ) . s 

1.7(0.9-2.9) 

Renal Cell Carcinoma 

Cohort 

Subcohort* 

1.2(0.97-1.5) 

not reported 

1.2(0.55-2.1) 

not reported 

1.2(0.94-1.5) 

W$imB^m^^^"B 
Other 

Liver, primary 

Gall bladder, biliary passages 

Cervix uteri (code 171) 

Hodgkin's Disease 

Lung 

Testes 

Skin melanoma 

I.l (0.74-1.6) 

1.1(0.61-1.9) 

-

0.9(0.51-1.4) 

- ' M 4 (13-1^5) ' ^ -

1 1(0 9 2 - 1 4 ) 

0.7 (0.55 -0.94) 

^ ;^ 2 8(11-5 8) .V 

« , , . , ' 1 9 J ; H - 2 4H '^""J 

0.8(0.09-3.0) 

,^i.Vl'^?(l'5-2 4)C-

-

0.8 (0.44 - 1,2) 

not reported 

not reported 

-

not reported 

tfy^4(r5ij6)>^ 
-

not reported 

• Subcohort with expected higher TCE exposure (i.e., 2: I year employment; I" employment before 1980). 
Shaded ceils: SIR significantly greater than 1. (i.e., lower 95% CI on SIR Si 1.0). 
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Table 5-5. Standard Incidence Ratio (95% CIs) of Three Cancers in Subcohort of Workers with Expected 
Higher Exposures to TCE in Danish Companies Using TCE (Raaschou-Nielsen et al., 2003). 

Exposure 
Non-Hodgkin 

Men 

's Lymphoma 

Women 

Renal Cell 

Men 

carcinoma 

Women 

Esophageal Adenocarcinoma 

Men Women 

Duration of Exposure 

<l years 

1-4.9 years 

>5 years 

Year of First Em 

before 1970 

1970-1979 

1980 or later 

1.1(0.7-1.6) 

1.3(0.9-1.8) 

1.4(0.9-2.0) 

0.7(0.1-2.4) 

1.6(0.6-3.5) 

1.8(0.6-4.3) 

0.8(0.5-1.4) 

1.2(0.8-1.7) 

'$!y$ivAfMf: 

1.1 (0.1-3.8) 

1.2(0.2-3.4) 

1.5(0.3-4.3) 

1.7(0.6-3.6) 

1.9(0.9-3.6) 

1.9(0.8-3.7) 

not reported 

ployment* 

^ îmMM^B^ '̂ 
1.3(0.9-1.8) 

0.7(0.3-1.3) 

Number of Employees in Company' 

<50 

50-99 

100-200 

0.9(0.5-1.6) 

1.3(0.9-2.0) 

1.3(0.9-1.7) 

1.5(0.6-3.4) 

1.6(0.6-3.5) 

0.5(0.0-3.0) 
t* 

I.l (0.1-4.1) 

1.6(0.3-4.6) 

1.4(0.6-2.7) 

fl7m(̂ :git3)$. 
0.7(0.4-1.2) 

0.9(0.4-1.7) 

0.7(0.3-1.4) 

§l5^|l;,0|^p5 
1.2(0.8-1.6) 

1.9(0.7-4.1) 

0.0(0.0-1.2) 

2.4(0.3-8.5) 

0.0(0.0-2.6) 

1.7(0.2-6.1) 

1.5(0.5-3.2) 

1.5(0.6-2.9) 

SicrcKo^^l® 

2.2(0.7-5.1) 

f^ i i^ i r j^^-
1.6(0.5-3.6) 

1.6(0.8-2.9) 

not reported 

not reported 

* Pre-1970 TCE exposures estimated to be higher than post-1970 exposures. 
** TCE exposures estimated to decrease with increase in company size. 
Shaded cells: SIR significantly greater than I. (i.e., lower 95% CI on SIR > 1.0). 
Bolded cells: Risk estimates increase with estimates of TCE exposures. 
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Table 5-6. Standard Incidence Ratio (95% CIs) for Renal Cell Carcinomas in Subcohort of 
Workers in Danish Companies Using TCE with Expected Higher Exposures to 
TCE (Raaschou-Nielsen et al., 2003). ' 

Exposure Metric SIR for Renal Cell Carcinoma 

Duration of Exposure 

1^.9 years 

^5 years 

1.1(0.7-1.7) 

Year of First Employment* 

before 1970 

1970-1979 
'W&immMkMwmfm. 

0.7(0.4-1.2) 

Number of Employees in Company** 

<50 

50-99 

100-200 

0 9 (0 3 - 1 9) 

•=•'-, ,.- 2.0(r.2-'3.1)- ' 

1.3(0.9-1.9) 
* Pre-1970 TCE exposures estimated to be higher than post-1970 exposures. 
** TCE exposures estimated to decrease with increase in company size. 
Shaded cells: SIR significantly greater than I (i.e., lower 95% CI on SIR S 1.0). 
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Table 5-7. Kidney Cancer: Estimated Rate Ratios and 95% CIs for the EfTects of Cumulative TCE Exposure on 
Mortality and Incidence in Cohort of Aerospace Workers (Zhao et al., 2005). 

Exposure Category 
Cancer Mortality 

Rate Ratio (95% CI) Deaths (n) 

Cancer Incidence 
Rate Ratio (95% CI) Cases (n) 

Single Chemical Model with Zero Lag Time* 
low 
medium 
high 
p-value*** 

1 
1.4(0.49-4.2) 
2.0(0.50-8.3) 

0.31 

7 
7 
3 

1 
1.9(0.56-6.2) 
4.9(1.2-20) 

0.023 

6 
6 
4 

Multi-Chemical Model with Zero Lag Time** 
low 
medium 
high 
p-value*** 

1 
0.85(0.15-4.9) 
0.96(0.09-9.9) 

, 0.93 

7 
7 
3 ' 

1 
1.3(0.26-6.1) 
7.7(0.65-91) 

0.10 

6 
6 
4 

Multi-Chemical Model with 20 Year Lag Time** 
low 
medium 
high 
p-value*** 

1 
1.7(0.29-9.7) 
1.8(0.09-39) 

0.64 

10 
6 
I 

1 
1.2(0.22-6.4) 
7.4(0.47-120) 

0.12 

6 
7 
3 

* Variables included in the model: time since first employment (continiious), socioeconomic status (categorical), 
age at event. 

** Variables included in the model: time since first employment (continuous), socioeconomic status (categorical), 
age at event, and all other carcinogens, including hydrazine. 

*** Trend tests were performed by entering median exposure scores for each exposure category into the Cox 
model to obtain p-value for trend. 
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Table 5-8. Bladder Cancer: Estimated Rate Ratios and 95% CIs for the Effects of Cumulative TCE Exposure on 
Mortality and Incidence in Cohort of Aerospace Workers (Zhao et al., 2005). 

Exposure Category 
Cancer Mortality 

Rate Ratio (95% CI) Deaths (n) 
Cancer Incidence 

Rate Ratio (95% CI) Cases (n) 

Single Chemical Model with Zero Lag Time* 
low 
medium 
high 
p-value*** 

1 
1.3(0.43- 3.7) 
1.2(0.29-4.5) 

0.81 

8 
6 
3 

1 
1.5(0.81- 2.9) 
2.0(0.93-4.2) 

0.069 

20 
19 
11 

Multi-Chemical Model with Zero Lag Time** 
low 
medium 
high 
p-value*** 

1 
0.63(0.10-4.0) 
1.6(0.13-19) 

0.57 

8 
6 
3 

1 
1.8(0.62-5.2) 
3.8(0.97-15) 

0.048 

20 
19 
11 

Multi-Chemical Model with 20 Year Lag Time** 
low 
medium 
high 
p-value*** 

1 
0.95(0.15-6.0) 
l .8(0:i2-28) 

0.53 

8 
7 
2 

1 
1.8(0.61-5.1) 
3.7(0.87-16) 

0.064 

20 
20 
10 

* Variables included in the model: time since first employment (continuous), socioeconomic status (categorical), age at 
event. 

** Variables included in the model: time since first employment (continuous), socioeconomic status (categorical), age 
at event, and all other carcinogens, including hydrazine. 

*** Trend tests were performed by entering median exposure scores for each exposure category into the Cox model to 
obtain p-value for trend. 
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Table 5-9. Relative Risk Estimates for Kidney Cancer from Epidemiologic Studies of Populations with Known or Probable 
Exposure to TCE (i.e.. Individuals Identified or Classified as Exposed to TCE Based on Urinary Biomarker Data, 
Personal Air Measurements, JEMs, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Mean 95% CI 

Number (Cases 
or Deaths)* Characterization of TCE Exposure 

Tier I Studies C o h o r t " 
Anttila etal. (1995) 

Axelson etal.( 1994) 
Blair etal. (1998) 
Boice etal. (1999) 
Henschler etal. (1995a) 
Morgan etal. (1998) 
Ritz (1999) 

SIR 

SIR 
SMR(RR) 

SMR 
SIR 

SMR 
SMR 

0.87 

1.2 
1.6 

0.99 
8 0 
1.3 

0.65 

0.32-1.9 

0.42-2.5 
0.5 -5 .1 
0.95 - 2.0 

*:2.6:r:i9.:f-
0 5 7 - 2 . 6 
0.21-1.5 

6 

6(M) 
15 
7 

5(M) 
8 
5 

cohort: workers monitored for TCE urinary metabolite (TCA) 
cohort: workers monitored for TCE urinary metabolite (TCA) 
subcohort: aircraft maintenance workers with TCE exposure (JEM) 
subcohort: aircraft manufacmring workers with TCE exposure (JEM) 
cohort: cardboard workers (company records, on-site investigation) 
subcohort: aerospace workers with TCE exposure (JEM) 
cohort: uranium processing workers; 73% with TCE exposure (JEM) 

Recent Cohort Studies (Tier I Quality) 

Hansen etal. (2001) 
Raaschou-Nielsen et al. 
(2003) 

Zhao et al. (2005) 

SIR 

SIR 

RR (mortality) 
RR (incidence) 

0.9 
• 12 

1.2 
2.0 

••»4;9v^; 

0.2-2 .6 
v.0.97r4:5 

0 5 5 - 1 . 2 

0.52-8.3 

rSci;2%^20A: 

3(M) 
93 (M) 
10(F) 

3 
4 

cohort: workers monitored for TCE personal air/urinary metabolite (TCA) 

cohort: workers in TCE-using companies 

cohort: aerospace workers; subcohort with high TCE exposure (JEM) 

Case-Control Studies 
Greenland etal. (1994) 
Vamvakas etal. (1998) 

Dosemeci etal. (1999) 

Pesch et al. (2000) 

Bruning et al. (2003) 

OR (mortality) 
OR (incidence) 

OR (incidence) 

OR (incidence) 

OR (incidence) 

1.0 
.11 . 
1.0 

Hv2.0<:^ 
1.3 
0.8 
1.3 
1.8 
1.8 

::i:2.sm 

0.3-3 .3 
Ji-;3;4^;35':-; 

0 .60-1.7 
i i ; o ^ i ; 9 ? ; 

0 .9-1 .9 
0 .3-1 .9 
0.8-2.1 
0.6 - 5.0 
1 0 - T 7 . 5 ^ 

s-i;4=i,4:5;; 

12 
58 

33 (M) 
22(F) 
55 (M) 
6(F) 

22 (M) 
5(F) 
117 
25 

occupational TCE exposures (JEM) 
occupational TCE exposure(interview & questionnaire) 

occupational TCE exposure (interview & JEM) 

substantial occupational TCE exposure (interview & JEIvi) 

substantial occupational TCE exposure (interview & J1 EM) 

occupational exposure(longest held iob in TCE/PERC*'* using industry) 
occupational exposure (self-assessed TCE exposure) 

• Both genders unless specified; M = male; F = female. 
•• Tier I studies inferred TCE exposure for each individual using biomarkers of TCE exposure, JEM, and/or job-histories, including JTEM. 
" * Tetrachloroethene. 
Shaded cells: RR significantly greater than I. 
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Table 5-10. Relative Risk Estimates for NHL from Epidemiologic Studies of Populations with Known or Probable Exposure to 
TCE (i.e.. Individuals Identified or Classified as Exposed to TCE Based on Urinary Biomarker Data, Personal Air 
Measurements, JEMs, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Mean 95% CI 

Number 
(Cases or 
Deaths)* 

Characterization of TCE Exposure 

Tier 1 Studies Cohort** 
Annilaetal. (1995) 
Axelson etal. (1994) 
Blair etal. (1998) 
Boice etal. (1999) 
Morgan etal. (1998) 

SIR 
SIR 

SMR(RR) 
SMR 
SMR' 

1.8 
1.6 
2.0 
1.2 
1.0 

0.78-3.6 
0.51-3.6 
0.9-4.6 
0.65-2.0 
0.5-2.1 

8 
5(M) . 

28 
14 
14 

cohort: workers monitored for TCE urinary metabolite (TCA) 
cohort: workers monitored for TCE urinary metabolite (TCA) 
subcohort: aircraft maintenance workers with TCE exposure (JEM) 
subcohort: aircraft manufacturing workers with TCE exposure (JEM) 
subcohort: aerospace workers with TCE exposure (JEM) 

Recent Cohort Studies (Tier I Quality) 

Hansen etal. (2001) 

Raaschou-Nielsen et al. (2003) 

SIR 

SIR 

?:;-;-3:5:J;--

zstm 
1.4 

•i:j\m='(>s.m 
:^i).98!^t^5$n 

0.73-2.3 

8(M) 
83 (M) 
13(F) 

cohort: workers monitored for TCE personal air/urinary metabolite (TCA) 

cohort: workers'in TCE-using companies 

Case-Control Studies 

Hardell etal. (1981) 

Hardell etal. (1994) 

Persson & Fredriksson (1999) 

OR 
(incidence)'" 

OR 
(incidence) 

^ 4 6-

„ 7 2 •• 

12 

' 13-42 

0 5 - 2 4 

10 

4 

16 

occupational exposure to multiple organic solvents (questionnaire); 7 cases 
extiosed to TCE (also appears in Table 5-11) 

occupational TCE exposure (questionnaire) 

occupational TCE exposure (questionnaire) 

Community Based Studies 

Cohn etal. (1994) 

Vartiainen etal. (1993) 

RR (incidence) 

SIR 

1.2 

^aii 
0.6 

Mxt;4§:. 

0.94-1.5 

iiii» 
0.3-1.1 

#iLCg2;&8| 

78 (M) 

87(F) 

14 

31 

residents of town with TCE-contaminated drinking water; subcohort from 
towns with highest TCE levels 

resident in two towns with TCE and tetrachloroethene contaminated drinking 
water; urinary metabolite (TCA) levels elevated in residents of both towns 

' Both genders unless specified; M = male; F = female. 
** Tier I studies inferred TCE exposure for each individual using biomarkers of TCE exposure, JEM, and/or job-histories. 
' 95% CI from Wartenberg et al. (2000a). 
" Both Hodgkin's Disease and NHL. 
Shaded cells: RR significantly greater than I. 
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Table 5-11. Relative Risk Estimates for Liver/Biliary Cancer from Epidemiologic Studies of Populations with Known or 
Probable Exposure to TCE (i.e., Individuals Identified or Classified as Exposed to TCE Based on Urinary 
Biomarker Data, Personal Air Measurements, JEM, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Cancer Mean 95% CI 

Number 
(Cases or 
Deaths)* 

Characterization of TCE Exposure 

Tier I Studies Cohort** 

Anttila etal. (1995) 

Axelson etal. (1994) 

Blair etal. (1998) 

Boice etal. (1999) 

Morgan etal. (1998) 

Ritz (1999) 

SIR 

SIR 

SMR(RR) 

SMR 

SMR 

SMR 

liver 

liver 

liver 
liver/biliary 

liver/biliary 

liver/biliary 

liver/biliary 

2.3 

1.4 

1.7 
1.3 

0.54 

0.98 

1.7 

0 .74-5.3 

0.38-3.6 

0 .2 -16 
0 5 - 3 . 4 

0.15-1.4 

0.36-2.1 

0 .71-3.3 

5 

4(M) 

4 
15 

4 

6 

8(M) 

cohort: workers monitored for TCE urinary metabolite (TCA) 

cohort; workers monitored for TCE urinary metabolite (TCA) 

subcohort: aircraft maintenance workers with TCE exposure 
(JEM) 
subcohort: aircraft manufacturing workers with TCE exposure 
(JEM) 

subcohort: aerospace workers with TCE exposure (JEM) 

cohort: uranium processing workers; 73% with TCE exposure 
(JEM) 

Recent Cohort Studies (Tier I Qualify) 

Hansen etal. (2001) 

Raaschou-Nielsen 
et al. (2003) 

SIR 

SIR 

liver/biliary 

liver 
liver 

2.6 

I.l 
^ • • 2 . 8 v s ' 

0 . 8 - 6.0 

0.74-1.6 
?1.1;S5:8>.:. 

5(M) 

27 (M) 

::--7m:::-̂ ^ 

cohort: workers monitored for TCE personal air/urinary metabolite 
(TCA) 

cohort: workers in TCE-using companies 

Case-Control Studies 

Greenland etal. (1994) 

Hemberg etal. (1988) 

OR (incidence) 

OR (mortality) 

liver/biliary 

liver 

054 

0.6 

' 3.4 

0.11-2.6 

0 .1-1 .3 

'' 1 3 - 8 6 ; ' 

9 

7(M) 

7(F) 

occupational exposures (JEM) 

occupational exposures (mail survey and industrial hygiene); 
among women exposures were usually of mixed type, 3 cases 
definitely exposed and 2 cases possibly exposed to chlorinated 
hydrocarbons (TCE, tetrachloroethene, and carbon tetrachloride); 1 
case listed TCE 

Community Based Studies 

Vartiainen et al. 
(1993) 

SIR liver 
0.7 • 

0.6 

0 .1-1 .4 

0 .2-1 .3 

7 

6 

resident in two towns with TCE and tetrachloroethene 
contaminated drinking water; urinary metabolite (TCA) levels 
elevated in residents of both towns 

* Both genders unless specified; M = male; F = female. 
** Tier 1 studies inferred TCE exposure for each individual using biomarkers of TCE exposure, JEM, and/or job-histories. 
Shaded cells: RR significantly greater than I. 
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Table 5-12. Relative Risk Estimates for Esophageal Cancer from Epidemiologic Studies of Populations with Known or 
Probable Exposure to TCE (i.e.. Individuals Identified or Classified as Exposed to TCE Based on Urinary 
Biomarker Data, Personal Air Measurements, JEMs, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Mean 95% CI 

Number 
(Cases or 
Deaths)* 

Characterization of TCE Exposure 

Tier I Studies Cohort** ! 
Anttila etal. (1995) 
Axelson etal. (1994) 
Blair etal. (1998) 

Boice etal. (1999) 

Morgan etal. (1998) 

Ritz (1999) 

SIR 
SIR 

SMR (RR) 

SMR 

SMR 

, SMR 

not reported 
not reported 

5.6 

0.83 

0.7-44 

0.34-1.7 

10 

7 

not reported 

1.2 0.56-2.3 9 

cohort: workers monitored for TCE urinary metabolite (TCA) 
cohort: workers monitored for TCE urinary metabolite (TCA) 
subcohort: aircraft maintenance workers with TCE exposure (JEM) 
subcohort: aircraft manufacturing workers with TCE exposure 
(JEM) 

subcohort: aerospace workers with TCE exposure (JEM) 

cohort: uranium processing workers; 73% with TCE exposure 
(JEM) 

Recent Cohort Studies (Tier I Quality) 

Hansen etal. (2001) 

Raaschou-Nielsen 
et al. (2003) 

SIR 

SIR 

4̂ 2 5f 

I.l 
2 

Vt:l^:8*i; 

'i:l,5-9.2^ 

0.81-1.5 
0.54-5.2 

m,i^mi& 

6(M) 

40 (M) 
4(F) 

23 (M) 

cohort: workers monitored for TCE personal air/urinaiy metabolite 
(TCA) 

cohort: workers in TCE-using companies 

Case Control Studies 
Greenland 
etal. (1994) 

OR 
(mortality) 

0.95 0.29-3.2 13 occupational TCE exposure (JEM) 

* Both genders unless specified; M = male; 
** Tier I studies inferred TCE exposure for 
" Esophageal adenocarcinomas. 
Shaded cells: RR significantly greater than 

F = female. 
each individual using biomarkers of TCE exposure, JEM, and/or job-histories. 

I. 

235 

AR100605



Table 5-13. Relative Risk Estimates for Hodgkin's Disease from Epidemiologic Studies of Populations with Known or 
Probable Exposure to TCE (i.e., Individuals Identified or Classified as Exposed to TCE Based on Urinary 
Biomarker Data, Personal Air Measurements, JEMs, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Mean 95% CI 

Number 
(Cases or 
Deaths)* 

Characterization of TCE Exposure 

Tier I Studies Cohort** | 
Anttila etal. (1995) 
Axelson etal. (1994) 
Blair etal. (1998) 
Boice etal. (1999) 
Morgan etal. (1998) 
Ritz (1999) 

SIR 
SIR 

SMR(RR) 
SMR 
SMR 
SMR 

1.7 
1.1 
1.4 
2.7 
1.2 
2.1 

0.35-5.0 
0.03 - 5.9 
0.2-12 

0.76-7.1 
0.6-2.3 
0.76-4.5 

3 
1(M) 

5 
5 
10 
6 

cohort: workers monitored for TCE urinary metabolite( TCA) 
cohort: workers monitored for TCE urinary metabolite (TCA) 
subcohort: aircrafl maintenance workers with TCE exposure (JEM) 
subcohort: aircraft manufacturing workerswith TCE exposure (JEM) 
subcohort: aerospace workers with TCE exposure (JEM) 
cohort: uranium processing workers; 73% with TCE exposure (JEM) 

Recent Cohort Studies (Tier I Quality) 

Hansen etal. (2001) 

Raaschou-Nielsen 
et al. (2003) 

SIR 

SIR 

not reported 

0.9 
0.8 

0.5-1.4 
0.09-3 

18 (M) 
2(F) 

cohort: workers monitored for TCE personal air/urinary metabolite (TCA) 

cohort: workers in TCE-using companies 

Case-Control Studies 

Hardell etal. (1981) 

Persson etal. (1989) 

Olsson & Brandt 
(1988) 

OR 
(incidence)* 

OR 
(incidence) 

4 6 

2 8 , ' 

' 6 6 

1 9 - M . 

n i 7 2 * 

'1 8^-24 

10 

7 

12 

occupational exposure to multiple organic solvents (questionnaire); 7 
cases exposed to TCE (also appears in Table 5-8) 

occupational TCE exposure (questionnaire) 

occupational exposure to multiple organic solvents (questionnaire); 3 of 
12 cases reported TCE as one ofthe solvents 

Community Studies 

Vartiainen et al. 
(1993) 

SIR 
0.8 

1.4 

0.3-1.7 

0.7-2.5 

6 

11 

resident in two towns with TCE and tetrachloroethene contaminated 
drinking water; urinary metabolite (TCA) levels elevated in residents of 
both towns 

* Both genders unless specified; M = male; F = female. 
** Tier I studies inferred TCE exposure for each individual using biomarkers of TCE exposure, JEM, and/or Job-histories. 
* Both Hodgkin's Disease and NHL. 
* CI from Wartenberg et al. (2000). 
Shaded cells: RR significantly greater than 1. 
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Table 5-14. Relative Risk Estimates for Cervical Cancer from Epidemiologic Studies of Populations with Known or Probable 
Exposure to TCE (i.e., Individuals Identified or Classified as Exposed to TCE Based on Urinary Biomarker Data, 
Personal Air Measurements, JEMs, and/or Job Histories). 

Study 
Relative Risk (RR) 

Measure Mean 95% CI 

Number 
(Cases or 
Deaths)* 

Characterization of TCE Exposure 

Tier I Studies Cohort** I 
Anttila etal. (1995) 
Axelson etal. (1994) 

Blair etal. (1998) 

Boice etal. (1999) 

Morgan etal. (1998) 

Ritz (1999) 

SIR 
SIR 

SMR 
(RR) 

SMR 

SMR 

SMR 

•'2A:':\l:m:(yimmi s . 
not reported 

1.8 0.5-6.5 5 

no cases observed 

no cases observed 

not reported 

cohort: workers monitored for TCE urinary metabolite (TCA) 
cohort: workers monitored for TCE urinary metabolite (TCA) 

subcohort: aircraft maintenance workers with TCE exposure (JEM) 

subcohort: aircraft manufacturing workers with TCE exposure 
(JEM) 

subcohort: aerospace workers with TCE exposure (JEM) 

cohort: uranium processing workers; 73% with TCE expostore 
(JEM) 

Recent Cohort Studies (Tier I Quality) 

Hansen etal. (2001) 

Raaschou-Nielsen 
et al. 2003) 

SIR 

SIR 

38 

19 

+ r0-'"9 8'""' 

- 1 4 - 2 4 ^ 

4 

62 

cohort: workers monitored for TCE personal air/urinary metabolite 
(TCA) 

cohort: workers in TCE-using companies 

• Both genders unless specified; M = male; F = female. 
** Tier I studies inferred TCE exposure for each individual using biomarkers of TCE exposure, JEM, and/or job-histories. 
Shaded cells: RR significantly greater than I. 
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Table 5-15. Summary of Classification Framework for the Use of Epidemiologic Studies in Quantitative Risk Assessment 
(Hertz-Picciotto, 1995). 

Requirement 

1. A statistically stable moderate to strong 
positive association between cancer and 
the agent 

2. High overall study quality (no major 
bias) 

3. No substantial confounding 

4. Quantitative exposure assessment for 
individuals 

5. Evidence of a dose-response 
relationship 

Category 

1. Data are sufficient for deriving a 
regulatory guideline or standard 
based on human data 

must be fully met 

must be fully met 

must be fiilly met 

must be fully met 

not critical, but adds certainty to unit 
risk estimates 

2. Data are sufficient to be used to check 
plausibility of regulatory guideline or 
standard based on animal data. 

does not have to be met 

should be met, at least partially 

should be met, at least partially 

some quantification is required, even if based 
on data extemal to the study site 

does not have to be met 
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Table 5-16. Comparison of Mean Urinary TCA Levels and TCE Air Concentrations Reported in Epidemiologic Studies of 
Danish Workers in the Iron and Metal Industry. 

Dose Metric 

Urinary TCA 
Level (mcg/L) 

TCE Air 
Concentration 
(mg/m') 

Aver.aging Method 

sample size* 

yearly average** 

sample size* 

yearly average** 

Mean TWA Urinary TCA Level or TCE Workplace Concentration 

Hansen et al. (2001) 

1947-1989 

1974-1989 

40 mg/L 

44.5 mg/L 

101 mg/m' 

189 mg/m' 

Raaschou-Nielsen 
etal. (2001) 

1947-1985 

50.8 mg/L 

48.5 mg/L 

not reported 

Raaschou-Nielsen 
et al. (2002) 

not reported 

1970-1989 

125 mg/m' 

186 mg/m' 

* For each period of measurement identified in each article, the mean value was multiplied by the number of samples for the period of 
measurement and the sum of these products was divided by the total number of samples. 

** For each period of measurement identified in each article, the mean value was multiplied by the number of years in the period of 
measurement and the sum of these products was divided by the total number of years. 
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Table 5-17. Parameter and Values Used with a Relative Risk Model and Human Data to 
Estimate the TCE Air Level (mcg/m^) Associated with an Excess Lifetime Human 
Cancer Risk of 1 x 10"*, 1 x 10"^ and 1 x lO"̂ . 

Parameter Value Source 
Po (background lifetime risk of getting a specific cancer) 
Esophagus 
NHL 

0.00499 
0.00856 

I ARC (1992) 

R (standard incidence ratio, SIR) 
Esophagus 
NHL 
R (95% Upper Confidence Interval o 
Esophagijs 
NHL 

4.2 
3.5 

n SIR) 
9.2 
6.9 

Hansen etal. (2001) 

Hansen etal. (2001) 

Mean Occupational TCE Air Level (1947-1989) 
Nationwide samples 359 mg/m' Raaschou-Nielsen et al. (2002)* 
Duration of Employment 
1964-1989 (mean) 
1947-1989 (maximum estimate) 
1947-1989 (median estimate) 

8.5 years 
II.1 years 
9.8 years 

Hansen etal. (2001) 

Hansen etal. (2001)** . 

* For each period of measurement identified in Raaschou-Nielsen et al. (2002): 1947-1959, 
1960-1969, 1970-1979, and 1980-1989, the mean TCE air concentration was multiplied by the 
number of years in the period of measurement and the sum of these products was divided by the 
total number of years (43); data are for persons working in the Danish iron and metal industry, 
which comprised the largest fraction ofthe Hansen et al. (2001) cohort. 

** Mean length of exposure (starting in 1964) was 8,5 years (Hansen et al. (2001), but 131 of 803 
workers were most likely already working before 1964, if all these persons worked 16 extra years 
(1947-1963) the mean length of exposure for the entire cohort would be I I.l years; if all worked 
only 8 years, the mean length of exposure for entire cohort would be 9.8 years. 
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^ 

Table 5-18. Human-based Estimates ofthe TCE Air Concentration (mcg/m ) Associated with an Excess Lifetime Human 
Cancer Risk of 1 x 10"*, 1 x lO' , and 1 x 10"*. 

Site 

Esophagus 

NHL 

Occupational 
Exposure 
(mg/m')* 

359 

359 

Duration of 
Occupational 

Exposure (years)* 

8.5 

9.8 

11.1 

8.5 

9.8 

11.1 

Lifetime Exposure 
(X, mcg/m')** 

14,332 

16,524 

18,716 

14,332 

16,524 

18,716 

Background 
Lifetime Risk 

(P«)* 

0.00499 

0.00499 

0.00499 

0.00856 

0.00856 

0.00856 

Relative 
Risk (R)* 

4.2 
9.2 
4.2 
9.2 
4.2 
9.2 
3.5 
6.9 
3.5 
6.9 , 

• 3.5 
6.9 

Unit Risk (risk 
per mcg/m')** 

I.l xlO"* 
2.8x10^ 
0.97 xlO-* 
2.5 xlO"* 

0.85x10-' 
2.2 X lO" 
1.5x10-' 
3.5 X lO-* 
1.3x10"* 
3.1x10-* 
1.1 X 10-* 
2.7x10-' 

TCE Air Concentration at 
Specified Risk Level*** 

10-* 

0.91 
0.36 
1.0 

0.40 
1.2 

0.45 
0.67 
0.29 
0.77 
0.32 
0.91 
0.37 

10-' 

9.1 
3.6 
10 

4.0 
12 
4.5 
6.7 
2.9 . 
7.7 
3.2 
9.1 
3.7 

10-̂  

91 
36 
100 
40 
120 
45 
67 
29 
77 
32 
91 
37 

* Parameter values from Table 5-17. 
** See text for equations 5-1 and 5-2, which were used to calculate parameter value. 
*** The TCE air concentration associated with a specific level of risk = specific level of risk/unit risk. 

241 

AR100611



Table 5-19. Variation in the Estimates ofthe TCE Air Level (mcg/m^) Associated with an Excess Lifetime Human Cancer 
Risk of 1 X 10-*, 1 x 10'', and 1 x 10"̂  with Changes in the Parameter Values for Four Factors (TCE Air Level, 
Relative Risk Measure, Cancer Site and Duration of Exposure). 

• 

Cancer 
Measure of Relative 

Risk 

TCE Air Concentration (mcg/m^ at Specified Risk Level* 

Duration of Employment 

8.5 yrs 

10"* 10-' 10^ 

9.8 yrs 

10^ 10-' 10-̂  

11.1 yrs 

10-* 10-' 10-̂  

Occupational Air Level = 357 mg/m^ 

Esophagus 

NHL 

Esophagus 

NHL 

mean SIR 

upper 95% CI on SIR 

0.91 

0.67 

0.36 

0.29 

9.1 

6.7 

3.6 

2.9 

91 

67 

36 

29 

1.0 

0.77 

0.40 

0.32 

10 

7.7 

4.0 

3.2 

100 

77 

40 

32 

1.2 

0.91 

0.45 

0.37 

12 

9.1 

4.5 

3.7 

120 

91 

45 

37 

* All data from Table 5-18. 
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Table 5-20. Summary of Characteristics of Two Studies of Cancer Risk Among Danish Workers with Known (Hansen et 
al., 2001) or Potential Exposure (Raaschou-Nielsen et al., 2003) to TCE. 

Characteristic 

Authors in 
Common 

Design 

Cohort Definition 

Cohort Overlap 

Employment 
History 

Exposure 
Definition 

Follow-up 

Reference group 

Hansen etal. (2001) 

Christensen JM, Hansen J, McLaughlin JK, 
Olsen JH, Raaschou-Nielsen 0 

Raaschou-Nielsen et al. (2003) 

Christensen JM, Hansen J, McLaughlin JK, 
Olsen JH, Raaschou-Nielsen 0 

occupational cohort, cancer incidence, linkage to Pension Fund data 

803 workers with individual TCE measurement 
records (urinary TCA or TCE breathing zone) 

40,049 blue-collar workers at 347 companies with historical 
use of TCE 

Most of participants in Hansen et al. were from larger companies that were excluded from Raaschou-Nielsen et 
al. (2003); less than 10% ofthe people participated in both studies 
exposed anytime between 1947-1988; 20% 
started work before 1964; largest fraction came 
from iron and metal industry 
known TCE exposure based on individual 
measurements 
from April 1, 1968 or date of first measurement 
or employment until death, emigration, or 
December 31, 1996 

potentially exposed anytime between 1964-1997; 20% 
started work prior to 1970; 54% of workers were employed in 
iron and metal industries 
potential TCE exposure based on >3 month of employment in 
a "TCE-company" with <200 employees 

froiii April 1, 1968 or date of first employment in TCE-using 
company until death, emigration, or December 31, 1997 

Standardized general Danish population 

243 

AR100613



Table 5-21. Results for Selected Cancers from Studies of Cancer Risk Among Danish Workers with Known 
(Hansen et al., 2001) or Potential Exposure (Raaschou-Nielsen et al., 2003) to TCE. 

Cancer Site* 
Standardized Incidence Ratio 

Hansen et al. (2001) 
Mean 95% CI 1 Number 

Raaschou-Nielsen et 
Mean 1 95% CI 

al. (2003) 
Number 

NHL 
men 
women 
men & women 
subcohort** 

2;iM-3;5.-:v-- ^.^:::1.5ai6.9&| 8 
not observed 
not reported 

not applicable 

1.2 
1.4 

Siil^2ii;^.:-

mmŝ m 

0.98-1.5 
0.73-2.3 
I .0-J .5 

W-mi^2.0:M 

83 
13 
96 
65 

Esophageal cancer 
men 
women 
men (esophageal adenocarcinoma) 
subcohort** 

•S'Sa»52*ffi* mifri5m^t::f} 6*** 
not observed 
not reported 

not applicable 

I.l 
2 

. 1.8 

mti.^m-' 

0.81-1.5 
0.54-5.2 
1.2-2.7 
0.9 .-.2.9-:. 

40 
4 
23 
13 

Kidney 
men 
women 
subcohort** 

3.3 
2.4 

0.2 - 2.6 
0.03-14 

3 
1 

not applicable 

1.2 
1 2 

' - 14 c^ 

0.97-1.5 
0 5 5 - 2 1 
1 0 - 1 8 / 

93 
10 
53 

Lung 
men 
women 
cervix 
testes 

0.8 
0.7 

•;:&fe3;8^^y 
0.7 

0.5-1.3 
0.01-3.8 

^S%-LO*;9;8BJ 
0.01-4.0 

16 
1 
4 
1 

-'I.' r.4 . , 
t r l . 9 

• , f "1 .9 . , " 
I.l 

13-1 .5" . -
1.5-2 4' 
1.4-2.4 

0.92-1.4 

559 
73 
62 

Total cancers 
men 
women 

1.0 
1.0 

0.9-1.3 
0.6-1.6 

109 
19 

î r;im:m 
, •.I.2.--. 

. . • . I . O - L l , - . v 

l . i - 1 . 3 . 
2620 
624 

*Comparable data on liver and biliary 
** Subcohort from Raaschou-Nielsen 

employment before 1980). 
*** Five of six cases were esophageal 
Shaded cells: RR significantly greater 

cancer were not reported. 
et al. (2003) with expected higher TCE exposure (i.e., >l year employment; I" 

adenocarcinomas, 
than 1. 
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Table 5-22. Summary of Oral Bioassay Results for TCE (adapted from Clewell and Andersen, 2004). 

Study Strain/Species/Sex Duration , Endpoint 
Administered 

Dose' 
Incidence 

Trichloroethene, gavage 

NCI (1976) 

NTP (1990) 

Van Duuren (1989) 
Henschler et al. 

(1977) 
NCI (1976) 

NTP (1990) 

NTP (1988) 

Maltoni etal. (1986) 

B6C3Fl/mice/M 
B6C3Fl/mice/F 

B6C3Fl/mice/M 

B6C3Fl/mice/F 

Swiss mice/M/F 
ICF Swiss mice/M 
ICF Swiss mice/F • 

Osbome-Mendel rats/M/F 

F344/N rats/M 

ACI, August, 
Marshall/M/F 

Osbome-Mendel rats 

Sprague-Dawley rats/M/F 

5 days/wk, 78 wks 
5 days/wk, 78 wks 

5 days/wk, 
103 wks 

5 days/wk, 
103 wks 

1 day/wk, 622 days 
5 days/wk, 18 m 
5 days/wk, 18 m 

5 days/wk, 78 wks 
5 days/wk, 

103 wks 

5 days/wk, 
103 wks 

4-5 days/wk, 
52 wks 

Hepatocellular carcinoma 
Hepatocellular carcinoma 
Hepatocellular carcinoma 

Hepatocellular adenoma and 
carcinoma 

Hepatocellular carcinoma 
Hepatocellular adenoma and 

carcinoma 
• -

-
-
-

Renal tubular cell adenoma 
Adenoma and carcinoma 

-

-

0, 1169,2339 
0, 869, 1739 

0, 1000 

0, 1000 

0,2.8 
0, 1900 
0, 1400 

0, 549, 1097 

0, 500, 1000 

-

0, 50,250 

1/20,26/50*, 31/48* 
0/20,4/50, 11/47* 

8/48,31/50* 

14/48,39/50* 

2/48, 13/49* 

6/48,22/49* 

NS 
NS 
NS 
NS 

0/48, 0/48,3/49*'' 
0/48,2/49,3/49*" 

Inadequate' 

NS 

Trichloroethene, drinking water 
Herren-Freund 
etal. (1987) 

B6C3F1 mice/M 61 wks Hepatocellular carcinoma 0,40 mg/L 0/22,31/32 

' Reported in units of mg/kg/day unless otherwise indicated. 
'Only significant by life table and incidental tumor test. 
'NTP has considered this study to be an inadequate study of carcinogenic activity because of chemically induced toxicity, reduced survival and deficiencies 

in the conduct of the studies. 
* Statistically significant (p<0.05). 
NS, Not statistically significant for any dose group. 
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Table 5-23. Summary of Oral Bioassay Results for Metabolites of TCE (adapted from Clewell and Andersen, 2004). 

Study Strain/Species/Sex Duration Endpoint* Administered Dose Incidence 

TCA/drinking water | 
Bull (2000) 

DeAngelo (1992) 
DeAngelo (1997) 

Ferreira-Gonzalez (1995) 

Pereira (1996) 

Herren-Freund (1987) 

B6C3FI mice/M/F 
F344 rat/M 
F344 rat/M 

B6C3FI mice/M 
B6C3F1 mice/F 

B6C3F1 mice/F 

B6C3FI mice/M 

52 wks 
100-104 wks 

104 wks 
104 wks 
360 days 

576 days 

61 wks 

_ 
-
-

Hepatocellular carcinoma 
Hepatocellular carcinoma 
Hepatocellular carcinoma 
Hepatocellular carcinoma 
Hepatocellular carcinoma 
Hepatocellular carcinoma 

0,1,2 8^." 
0,3.6,36,378 

0,0.05,0.5.5.0 g/L' 
0,4.5gA.'' 

0, 2,6.67.20 mmol/L' 

0, 2,6.67, 20 mmol/L' 

0,5 g/L' 

NS 
NS 
NS 

19%, 73.3% 
0/40,0/40,0/19,5/20' 
2/90,4/53.3/27,7/18* 
2/90,0/53,5/27,5/18* 

0/22. 7/22» 
0/22, 8/22* 

DCA, drinking water | 

Herren-Freund (1987) 

Daniel (1992) 
Bull (2000) 

Pereira (1996) 

DeAngelo (1992) 

DeAngelo (1999) 

DeAngelo (1991) 

DeAngelo (1996) 

DeAngelo (1992) 

DeAngelo (1991) 

B6C3F1 mice/M 

B6C3F1 mice/M 
B6C3F1 mice/M/F 

B6C3F1 mice/F 

B6C3F1 mice/F 

B6C3FI mice/M 

B6C3FI mice/M 

B6C3FI mice/M 
B6C3FI mice/F 

F344 ratM 
F344 ratW 
F344 rat/M 
F344 rat/M 
F344 rat/F 

61 wks 

104 wks 
52 wks 

360 days 

576 days 

104 wks 

90-104 wks 

60 or 75 wks 
60 or 75 wks 

100 wks 
103 wks 

100-104 wks 
60 or 75 wks 
60 or 75 wks 

Hepatocellular carcinoma 
Hepatocellular adenoma 

Hepatocellular carcinoma 
Hepatocellular adenoma and carcinoma 

Hepatocellular carcinoma 
Hepatocellular adenoma 
Hepatocellular adenoma 

Hepatocellular carcinoma 

Hepatocellular carcinoma 

Hepatocellular adenoma 
Hepatocellular carcinoma 

Hepatocellular adenoma and carcinoma 
Hepatocellular adenoma and carcinoma 

-
Hepatocellular carcinoma 

-
Hepatocellular adenoma and carcinoma 

-

0,5gA.' 

0,93 
0,l,2grt. ' 

0,2, 6.67, 20 mmol/L' 

0, 2, 6.67, 20 mmol/L' 

0,1. 3.5 g/L' 

0.0.5, 1,2, 3.5 gA.' 

0, 7.6, 77, 486 
0, 94, 437 
0, 3.6, 40.2 

0, 139 
0, 4.3,48,295 

0, 4.3,40 
0,295 

0/22,21/26* 
2/22,25/26* 
2/20, 15/24* 
3/20,18/24* 

0/2,0/1,5/10* 
1/40,0/40.3/20,7/20* 

2/90,3/50,7/28*. 16/19* 
2/90,0/50, 1/28,5/19* 

19%, 70.6%, 100% 
10%, 20%, 51.4%*, 42.9%* 

4S%*,26%,48%,7I%* 
95%*. 100%* 

2/28, 7/29, 3/27, 25/28* 
8%, 20%, 100%* 

NS 
1/33, 6/28* 

NS 
6%, 0%, 28%* 

NS 
CH, drinking water 

Daniel (1992) 

George (2000) 

B6C3FI mice/M 

B6C3FI/M 

104 wks 

104 wks 

Hepatocellular carcinoma 
Hepatocellular adenoma and carcinoma 

Hepatocellular carcinoma 
Hepatocellular carcinoma 

0,166 

0,13.5,65,146.6 

2/20,11/24* 
3/20,17/24* 

9/42,20/46*, 20/39*, 16/32* 
23/42,25/46, 23/39, 27/32* 

'Reported in units of mg/kg/day unless otherwise indicated. 
' g/L, grams/liter. 
' mmol/L, micromoles/liter. 
* Statistically significant (p<0.05). 
NS, Not statistically significant for any dose group. 
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Table 5-24. Experimental Inhalation Studies in Animals on the Carcinogenesis of TCE. 

Study 

Maltoni etal. (1986) 

Bell etal. (1978) 

Fukuda etal. (1983) 

Henschler etal. (1980) 

Maltoni etal. (1986) 

Sex/Strain/Species 

male & female B6C3F1 mice (BT 306) 

male B6C3F1 mice (BT 306bis) 

male & female Swiss mice (BT 305) 

male & female B6C3FI 

female ICR mice 

female NMRI rnice 

male & female SD rats (BT 304) 

male & female SD rats (BT 304bis) 

Exposure Regime* 

0, 537, 1611, or 3222 mg/m' (0, 100, 300 or 600 ppm); 7 
hrs/day, 5 days/wk for 78 wks and observed until death 

0, 537, 1611, or 3222 mg/m' (0, 100, 300 or 600 ppm); 6 
hrs/day, 5 days/wk for 104 wks 

0, 268, 806, 2416 mg/m' (0, 50, 150, or 450 ppm); 
7 hrs/day, 5 days/wk for 104 wks, and observed 3 
additional wks 

0, 537, or 2685 mg/m' (0, 100, 500 ppm); 6 hrs/day, 5 
days/wk for 18 months 

0, 537, 1611, or 3222 mg/m' (0, 100, 300 or 600 ppm); 
7 hrs/day, 5 days/wk for 104 wks and observed 
until death 

* I mg/m' = (ppm X molecular weight)/24.45, where molecular weight of TCE = 131.39. Thus, 1 ppm = 5.37 mg/m'. 
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Table 5-25. Experimental Inhalation Studies showing TCE-Induced Tumors in Animals and an Assessment of Their 
Scientific Quality. 

Study 

Maltoni etal. (1986)* 

Bell etal. (1978) 

Maltoni etal. (1986)* 

Fukuda etal. (1983)** 

Henschler et al. 
(1980)*** 

Maltoni etal. (1986)* 

Sex/Strain/Species 

female B6C3F1 mice 

male Swiss mice 

male B6C3FI mice 

female B6C3F1 mice 

maleB6C3FI mice 

female B6C3F1 mice 

male Swiss mice 

female ICR mice 

female NMRI mice 

male SD rats 

male SD rats 

TCE Induced Tumors 

liver (hepatoma) 

liver (hepatoma) 

liver 

liver 

lung (adenoma & 
adenocarcinoma) 

malignant lymphoma 

testicular (benign) 

kidney (adenocarcinoma 

Assessment 

adequate studies 

Inadequate Study: excessive high, early mortality due to 
aggressiveness and fighting because the mice were more than 7-8 
weeks old when they were delivered to Maltoni's laboratory, i.e., 
animals were already at an age when random distribution of male 
mice from different litters to cages at the start ofthe experiments 
often provoked aggressiveness and fighting (Maltoni et al., 1986) 
Inadequate Study: wide deviations from nominal TCE 
concentrations and high variability in the number of 
measurements made daily, which do not allow a precise 
determination ofthe actual exposure levels; control groups not 
matched with experimental groups (received 3 week earlier); i 
serious problems with histopathology (discrepancies between 
gross and microscopic observations, sexes of some mice incorrect) 
(US EPA, 1985) 

adequate studies 

Inadequate Study - study cannot be interpreted as valid for showing either the presence or absence of carcinogenic activity due to major 
qualitative or quantitative limitations. 

* Stabilizer = butylhydroxytoluene (0.019%); limited evidence of carcinogenicity (lARC, 2006). 
** Stabilizer = epichlorohydrin (0.019%); sufficient evidence of carcinogenicity (lARC, 2006). 
*** Stabilizer = triethanolamine (0.0015%); inadequate evidence of carcinogenicity (lARC, 2006). 
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Table 5-26. Evidence on Experimental Design and Exceedance ofthe Maximum Tolerated Dose in the Adequate Experimental 
Inhalation Studies Showing TCE-Induced Tumors in Animals. 

Sex,Strain Tumors 
Factor 

Experimental Design Exceedance of Maximum Tolerated Dose 

Maltoni et al. (1986) Mouse Study 

Female, B6C3F1, 
(BT 306) 

Male, Swiss 
(BT305) 

liver 

lung 

liver 

lung 

number of exposure levels adequate (3+ control); group size 
adequate (90 mice/group); exposure length minimal (78 weeks 
exposure & observation till death); epoxide TCE-stabilizer not 
used 

Possible: body weight (BW) of exposed groups & controls similar; mortality 
of high & mid-exposure groups increased compared to controls (non
significant, NS); no obvious exposure-related effects on regressive or 
phlogistic (inflammatory) changes in organs or on respiratory hyperplasia 

Not likely: no exposure-related effect on BW or mortality of exposed groups 
compared to controls; no obvious exposure-related effects on regressive or 
phlogistic changes in organs or on respiratory hyperplasia 

Fukuda et al. (1983) Mouse Study 

Female, ICR lung 

number of exposure levels minimal (3+ control); group size 
adequate (50 mice/group); exposure length adequate (104 weeks 
exposure & observation); epoxide TCE-stabilizer used 
(epichlorohydrin); exposure levels well controlled 

Not likely: BW &, mortality of exposed groups and conU'ols similar 

Henschler et al. (1980) Mouse Study 

Female, NMRI lymphoma 

number of exposure levels minimal (2+ control); group size 
minimal (30 mice/group); exposure length minimal (78 weeks 
exposure & observation till death); epoxide TCE-stabilizer not 
used; exposure levels well coritrolled 

Possible: BW of exposed groups & controls similar; mortality rate of both 
exposed groups increased (p<0.05) compared to controls 

Maltoni et al. (1986) Rat Study 

Male, SD 
(BT 304) 

Male, SD 
(BT 304bis) 

testes 

kidney 

testes 

kidney 

number of exposure levels adequate (3+ control); group size 
adequate (90 rats/group); exposure length adequate (104 weeks 
exposure & observation till death); epoxide TCE-stabilizer not 
used 

group size minimal (40 rats/group); otherwise same as BT 304 

Possible: exposure-related reduced BW in exposed groups compared to 
controls from week 80 on (NS); no exposure-related efiects on mortality of 
exposed groups compared to controls; no obvious exposure-related effect on 
regressive or phlogistic changes in organs or on respiratory hyperplasia 

Not likely: no exposure-related effects on BW or mortality of exposed 
groups compared to controls; no obvious exposure-related effect on 
regressive or phlogistic changes in organs or on respiratory hyperplasia 
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Table 5-27. Consistency in TCE-Induced Tumors in Animal Studies. 

Tumors Induced by 
TCE Inhalation 

Exposures 

liver tumors (mice) 

lung tumors (mice) 

lymphoma (mice) 

testes tumors (rats) 

kidney tumors (rats) 

Supporting Data 

Valid Inhalation Studies 

Sexes 

male & female 
(but not both sexes 
of same strain)** 

male & female 
(but not both sexes 

in same strain) 

females only 

males only 

males only 

Strains 

B6C3FI, 
Swiss 

B6C3F1, 
Swiss, ICR 

NMR] 

SD 

SD 

Other 
Species 

no 

no 

no 

no 

no 

Oral Studies 

elevated (p<0.05) in male & female 
B6C3F1 mice in two smdies (NCI, 

1976; NTP, 1990) 

elevated (p<0.05) (adenomas only) in 
B6C3FI female mice, but discounted 

by NTP (1990) because combined 
incidence of adenomas/carcinomas 

was not significantly elevated 

elevated (p<0.05) in B6C3FI female 
mice, but discounted by NTP (1990) 

because incidence in concurrent 
control lower than historical control 
and the incidence in doses group was 
within the range of historical controls 

elevated (p<0.05) in Marshall male 
rats, but study "inadequate" (NTP, 

1988) 

elevated (p<0.05) in CM and F344 
male rats, but study "inadequate" 

(NTP, 1988) 

Animals Tumors 
Induced by 

Tetrachloroethene* 

yes 

no 

no 

yes 

yes 

* Tetrachloroethene and TCE are metabolized to some ofthe same reactive metabolites (NYS DOH, 1997a). 
** In inadequate studies, liver tumors were elevated in male B6C3FI male mice (Maltoni et al., 1986) and male and female 

B6C3F1 mice (Bell et al., 1978). 

250 

AR100620



Table 5-28. Animal and Human Site Concordance for Cancer/Tumors Induced in Animals by Inhalation Exposures to TCE. 

Tumor/Cancer Induced by TCE 
Inhalation Exposures 

liver cancer (mice) 

lung cancer (mice) 

malignant lymphoma (mice) 

testes (Leydig cell) tumors (SD rats) 

kidney cancer (rats) 

Human Evidence on TCE as a Risk Factor for Tumor/Cancer 

relative risk (RR)=I.9 (95% Cl=l.l - 3.2) for liver cancer and 2.0 (95% Cl=I.O - 4.3) for 
liver/biliary cancer from meta-analysis of Wartenberg et al. (2000a, 2002) 

no evidence (RR <l) to support elevated risk from Wartenberg et al. (2000); no evidence to 
support elevated risk from Hansen et al. (2001); elevated risk in Raaschou-Nielsen et al. 
(2003) was confounded by smoking 

RR=I.9 (95% Cl=1.3 - 2.8) for NHL from meta-analysis of Wartenberg et al. (2000a, 2002) 

no evidence of increased risk of testicular cancer in TCE occupational cohorts (Wartenberg 
et al., 2000a), although resuhs limited by small number of observed and expected cases or 
deaths; testicular tumors are very rare in humans; about 1% of all neoplasms in men are 
testes tumors and only 1 - 3% of testicular tumors are Leydig cell adenomas (Clegg et al., 
1997; Cook et al., 1999); Raaschou-Nielsen (2003) found no evidence of increased risk with 
93 cases of testicular cancer 

RR=I.6 (95%CI=1.1 -2.4) from meta-analysis of Wartenberg et al. (2000a, 2002) but 
concerns over quality of two studies that contribute most of excess risk; RR=4.9 (95% 
CI= 1.2 - 20) for high exposure to TCE in American study of aerospace workers (Zhao et 
al., 2005); shidies (Brauch et al., 1995, 1999; 2004; BrUning et al., 1997) provide evidence 
for a plausible molecular mechanism for TCE-induced human kidney cancer; somatic 
mutations in the VHL tumor suppressor gene are considered a risk factor for kidney cancer, 
and these studies showed that TCE exposure is associated with a unique mutational pattem 
in the VHL gene 
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Table 5-29. Tumor Incidence Data from Adequate Experimental Inhalation Studies showing TCE-Induced Tumors in Animals. 

Study 

Maltoni 
etal. (1986) 

Fukuda 
etal. (1983) 

Henschler 
etal. (1980) 

Maltoni 
etal. (1986) 

TCE Induced 
Tumors 

liver (hepatoma) 

lung (adenoma & 
adenocarcinoma) 

malignant lymphoma 

testes (benign) 

Kidney 
' (adenocarcinoma) 

Sex/Strain/Species 
(source within study) 

female B6C3FI mice (BT 306) 
[IV/VII Table 14] 

• 

male Swiss mice (BT 305) 
[IV/VI Table 14) 

female B6C3F1 mice (BT 306) 
[Table 51] 

male Swiss mice (BT 305) 
[Table 48] 

female ICR mice [Table 1] 

female NMRI mice [Table 3a] 

male SD rats (BT 304 + 304bis) 
[IV/IV Table 21+1V/V Table 
21] 

male SD rats (BT 304 + 304bis) 
[IV/IV Table 19 +IV/V Table 
19] 

Exposure Regime 

Hrs/Day 

7 

7 

7 

7 

7 

6 

7 

7 

DaysAVk 

5 

5 

5 

5 

5 

5 

5 

5 

Wks/104 
Wks 

78 

' 78 

78 

78 

104 

78 

104 

104 

Air Level 
(mg/m') 

0 
537. 
1611 
3222 

0 

537 

1611 
3222 

0 
537 
1611 
3222 

0 
537 
1611 
3222 

0 
268 
806 

2416 
0 

537 
2685 

0 
537 
1611 
3222 

0 
537 
1611 
3222 

LADE* 
(mg/m') 

0 
84 

252 
503 

0 

84 

252 

503 
0 
84 

252 
503 
0 
84 

252 
503 
0 
56 
168 
503 
0 
72 

360 
0 

112 
336 
671 

0 
112 
336 
671 

Tumor 
Incidence** 

3/88 
4/89 
4/88 

9/85 (p=0.06) 
4/66 

2/53 

8/59(p<0.13) 
13/61 (p=0.01) 

4/90 
6/90 
7/90 

15/90 (p=0.01) 
10/90 
11/90 

23/90 (p=0.009) 
27/90 (p=0.001) 

6/49 
5/50 

13/50 (p=0.07) 
I1/46(p=0.l1) 

9/29 
17/30 (p=0.04) 
18/28 (p=0.01) 

6/114 
16/105 (p=0.0l) 

30/107 (p<aooi) 
3I/I13(p<0.001) 

0/120 
0/118 
0/116 

4/122 (p=0.06) 
* LADE = experimental air level 
** All dose-response relationship 

X fraction of day exposed x fraction of week exposed X fraction 
were statistically significant (p<0.05) by the Cochran-Armitage 

of 104 wks exposed, 
trend test (US EPA, 2001a). 
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Table 5-30. Lowest Effect Levels in Adequate Experimental Inhalation Studies showing TCE-Induced Tumors in Animals. 

Study 

Maltoni etal. (1986) 

Maltoni etal. (1986) 

Fukuda etal. (1983) 

Henschler 
etal. (1980) 

Maltoni etal. (1986) 

Sex, Strain, Species 

Female, B6C3FI mice 
(BT 306) 

Male, Swiss mice (BT 305) 

Female, B6C3FI mice 
(BT 306) 

Male, Swiss mice (BT 305) 

Female, ICR mice 

Female, NMRI mice 

Male, SD rats (BT 306 & 
306bis) 

Female, SD rats 
(BT 306 & 306bis) 

TCE Induced Tumors 

liver (hepatoma) 

lung (adenoma & adeno
carcinoma) 

malignant lymphoma 

testicular (benign) 

kidney 
(adenocarcinoma) 

Lowest Effect Level for 
Increased Tumor Incidence 

Administered 
Exposure Level 

3222 mg/m' 
[p=0.061 

3222 mg/m' 
[p=o.on 

3222 mg/m' 
rp=o.oii 

1611 mg/m' 
[p= 0.0091 
806 mg/m' 
rp=0.071 

537 mg/m' 
[p=0.04] 

537 mg/m' 
[p=O.OI1 

3222 mg/m' 
fp=0.061 

LADE* 

503 mg/m' 

503 mg/m' 
(252 mg/m')** 

503 mg/m' 

252 mg/m' 

168 mg/m' 

72 mg/m' 

112 mg/m' 

. 671 mg/m' 

* Table 5-29 for calculation. 
** Incidence at next lowest exposure level was twice that of control and at p=O.I3. 
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Table 5-31. Derivation of Potential TCE Air Criteria Based on Liver Cancer in Mice. 

Study 

Reference: 
Maltoni etal. 1986 

Species, strain: 
Mice, B6C3F1 - females 
Mice, Swiss - males 

Exposure: 
7 hrs/day; 5 days/wk; 78 wks 

Exposure 
Level 

(mg/m') 

0 
537 
1611 
3222 

Liver Tumor 
Incidence 

M 

4/66 
2/53 
8/59 
13/61 

F 

3/88 
4/89 
4/88 
9/85 

Best Model Fit 

p-value 

Point-of-departure (animal dose metric): 
B M D L I O 

Low-Dose Extrapolation Method (US EPA, 
200Sa) 

Linear to 1 x 10"* cancer risk level (mcg/m')* 

Linear to 1 x 10 ' cancer risk level (mcg/m')** 

Linear to 1 x 10"" cancer risk level (mcg/m')** 

Non-Linear to Reference Concentration 
(mcg/m')** 

Uncertainty 
Factor 

not applicable 

not applicable 

not applicable 

3000 

LAI »E(m g/m') 

0 
84 

252 
503 

Dose Metric (LADD) 

AUC TCA 
(mg-hr/L) 

0 
358.9 
689.7 
1014 

Polynomial 

0.50 

M 

184 

0.88 

F 

422 

Potential Air Crite 

1.8 

18 

180 

60 

• 4.2 

42 

420 

140 

0.57 

M 

550 

0.85 

F 

915 

ria (human equivalent air concentration) 
(mcg/m') 

0.36/1.4" 

3.6/14' 

36/140" 

12/48" 

0.60/2.4" 

6.0/24" 

60/240" 

20/80" 

" Estimate based on free fraction of TCA assuming free TCA fraction in plasma is four times lower in humans than in mice (Lumpkin et 
al., 2003). 

* The air concentration associated with a I x 10'' excess lifetime human cancer risk was estimated from iterative runs ofthe human 
PBPK model to find the continuous inhalation exposure level yielding an intemal dose metric at the BMDLio/lO'. 

** Other risk-specific concentrations and the reference concentration were estimated by multiplying the 1 x lO"* air concentration by an 
appropriate factor assuming a linear relationship between continuous inhalation exposure level and modeled intemal dose at lower 
exposure levels (i.e., <l,000 mcg/m') (see Section 2.5 for details). This is a practical and accurate estimation method. For I x 10' 
and I X lO"'risk-specific concentrations, the factor is lO'/IO" (=10) and 10'/I0' (=100), respectively; for the reference concentration, 
thefactorislO'/3000(=33). 
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Table 5-32. Derivation of Potential TCE Air Criteria Based on Kidney Cancer in Rats. 

Study 

Reference: 
Maltoni etal. (1986) 

Species, strain: 
Rat, Sprague-Dawley, males 

Exposure: 
7 hrs/day. 5 days/wk, 78 wks 

Exposure 
Level 

(mg/m') 

0 
537 
1611 
3222 

Tumor 
Incidence 

0/120 
0/118 
0/116 
4/122 

Best model fit 

p-value 

Point-of-departure (animal dose metric): 
BMDLo5* 

Low-Dose Extrapolation Method (US EPA, 2005a) 

Linear to 1 x 1Q-* cancer risk level (mcg/m')* 

Linear to 1 x 10 ' cancer risk level (mcg/m')** 

Linear to 1 x 10"* cancer risk level (mcg/m')** 

Non-Linear to Reference Concentration (mcg/m')** 

Uncertainty 
Factor 

not applicable 

not applicable 

not applicable 

1500 

LADE 
(mg/m') 

0 
112 
336 
671 

Dose Metric (LADD) 

AUC DCVC in Kidney 
(mg-hr/L) 

0 
26.6 
823 

2880 

Polynomial 

0.92 

630 

0.99 

2600 

Potential Air Criteria 
(human equivalent air concentration) (mce/m') 

13 

130 

1300 

430 

3100 

31,000 

310,000 

103,000 

*A 5% benchmark response, rather than 10%, was chosen for the pbint-of-depanure in this case because 5% was closer to the 
observed tumor incidence range in the critical study. 

* The air concentration associated with a I x lO"* excess lifetime human cancer risk was estimated from iterative runs ofthe 
human PBPK model to find the continuous inhalation exposure level yielding an intemal dose metric at the BMDLos/5 x 10'. 

** Other risk-specific concentrations and the reference concentration were estimated by multiplying the I x 10"* air 
concentration by an appropriate factor assuming a linear relationship between continuous inhalation exposure level and 
modeled intemal dose at lower exposure levels (i.e., < 1000 mcg/m') (see Section 2.5 for details). This is a practical and 
accurate estimation method. For 1 x 10"'and I x 10"* risk-specific concenu-ations, the factor is 5 x lOVs x IO'(=IO)and 
5 X lOVSOO (=100), respectively; for the reference concentration, the factor is 5 x 10''/1500(=33). 
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Table 5-33a. Derivation of Potential TCE Air Criteria Based on Lung Cancer in Mice. 

Study 

Reference: 
Maltoni etal. (1986) 

Species, strain: 
Mice, B6C3FI - females 
Mice, Swiss - males 

Exposure: 
. 7 hrs/day, 5 days/wk, 78 

wks 

Exposure 
Level 

(mg/m^ 

0 
537 
1611 
3222 

Lung Tumor 
Incidence 

M 

10/90 
11/90 
23/90 
27/90 

F 

4/90 
6/90 
7/90 
15/90 

Best Model Fit 
p-value 

Point-of-departure (animal dose metric): 
BMDLio 

Low-Dose Extrapolation Method 
(US EPA, 2005a) 
Linear to 1 x 10"* cancer risk level (mcg/m')* 

Linear to 1x10' ' cancer risk level (mcg/m')** 

Linear to 1x10^ cancer risk level (mcg/m')** 
Non-Linear to Reference Concentration 
(mcg/m')** 

Uncertainty 
Factor 

not applicable 

not applicable 

not applicable 

3000 

LADE 
(mg/m*) 

0 
84 

252 
503 

Dose Metric (LADD) 

AUC CHL in Lung 
(mg-hr/L) 

0 
0.673 
2.05 
4.44 

Polynomial 
0.54 

M 

133 

0.72 

F 

. 265 

0.48 

M 

1.2 

0.77 

F 

2.3 

Potential Air Criteria (hiiman equivalent air concentration) 
(mcg/m*) 

1.3 

13 

130 

43 

2.7 

27 

270 

90 

52 

520 

5200 

1700 

100 

1000 

10,000 

3300 

* The air concentration associated with a 1 x lO"' excess lifetime human cancer risk was estimated from iterative runs ofthe human 
PBPK model to find the continuous inhalation exposure level yielding an internal dose metric at the BMDLio/lO'. 

** Other risk-specific concentrations and the reference concentration were estimated by multiplying the I x lO"* air concentration by 
an appropriate factor assuming a linear relationship between continuous inhalation exposure level and modeled intemal dose at 
lower exposure levels (i.e., < 1000 mcg/m') (see Section 2.5 for details). This is apractical and accurate estimation method. For 
I X 10' and I X 10-̂  risk-specific concentrations, the factor is lOVlO" (=10) and 10 /lO' (=100), respectively; for the reference 
concentration, the factor is I0V3000 (=33). 
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Table 5-33b. Derivation of Potential TCE Air Criteria Based on Lung Cancer in Mice. 

Study 

Reference: 
Fukuda etaL (1983) 

Species, strain: 
Mice, ICR - feiTiales 

Exposure: 
7 hrs/day, 5 days/wk, 

104 wks 

Exposure 
Level 

(mg/m') 

0 
268 
806 

2416 

Incidence 

6/49 
5/50 
13/50 
11/46 

Best model fit 
p-value 
Point-of-departure (animal dose metric): 
BMDLio 

Low-Dose Extrapolation Method (US EPA, 
2005a) 
Linear to 1 x 10"* cancer risk level (mcg/m')* 
Linear to 1x10"' cancer risk level 
(mcg/m')** 
Linear to 1 x 10-̂  cancer risk level 
(mcg/m')** 
Non-Linear to Reference Concentration 
(mcg/m')** 

' Uncertainty 
Factor 

not applicable 

not applicable 

not applicable 

3000 

LADE 
(mg/m') 

0 
56 
168 
503 

Dose Metric (LADD) 
AUC CHL in Lung 

(mg-hr/L) 

0 
0.4477 
1.349 
4.2 

Polynomial 
0.19 

.141 

0.18 

1.2 

Potential Air Criteria 
(human equivalent air concentration) (mcg/m') 

1.4 

14 

140 

47 

52 

520 

5200 

1700 

human PBPK model to find the continuous inhalation exposure level yielding an intemal dose metric at the BMDL|o/10'. 
** Other risk-specific concentrations and the reference concentration were estimated by multiplying the 1x10'* air concentration 

by an appropriate factor assuming a linear relationship between continuous inhalation exposure level and modeled intemal 
dose at lower exposure levels (i.e., < 1000 mcg/m') (see Section 2.5 for details). This is a practical and accurate estimation 
method. For I x lO'and I x 10"*risk-specific concentrations, the factor is lOVlO^ (=10) and lOVlO' (=100), respectively; for 
the reference concentration, the factor is IOV3OOO (=33). 
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Table 5-34. Derivation of Potential TCE Air Criteria Based on Testicular Tumors (benign) in Rats. 

Study 

Reference: 
Maltoni etal. (1986) 

Species, s&ain: 
Rat, Sprague-Dawley - males 

Exposure: 
7 hrs/day, 5 days/wk, 104 wks 

Exposure Level 
(mg/m') 

0 
537 
1611 
3222 

Tumor 
Incidence 

6/114 
16/105 
30/107 
31/113 

Best Model Fit 

p-value 

Point-of-departure (animal dose metric): 
BMDLio 

Low-Dose Extrapolation Method 
(US EPA, 2005a) 

Linear to 1 x lO"* cancer risk level (mcg/m')* 

Linear to 1x10 ' ' cancer risk level (mcg/m')** 

Linear to 1 x lO"* cancer risk level (mcg/m')** 

Non-Linear to Reference Concentration 
(mcg/m')** 

Uncertainty 
Factor 

not applicable 

not applicable 

not applicable 

300 

LADE 
(mg/m*) 

0 
112 
336 
671 

Dose Metric (LADD) 

AUC TCE 
(mg-hr/L) 

0 
13.2 
67.9 
182.7 

AUC TCA 
(mg-hr/L) 

0 
133 
268 
357 

Total Oxidative 
Metabolites 
(mg/g liver) 

0 
1.39 
3.03 
4.10 

Multiple 

0.68 

90.3° 

0.18 

17.6* 

0.59 

95.9 

0.56 

1.084 

Potential Air Criteria (human equivalent air concentration) (mcg/m') 

0.9 

9.0 

90 

300 

3.2 

32 

320 

1100 

0.063/0.12'' 

0.63/1.2" 

6.3/12" 

21/42" 

3.3 

33 

330 

1100 

° High dose dropped to obtain satisfactory fit of BMD model to remaining data. 
" Estimate based on free fraction of TCA assuming free TCA fraction in plasma is two tirnes lower in humans than in rats (Lumpkin et al., 
* The air concentration associated with a I x lO"* excess lifetime human cancer risk was estimated from iterative runs ofthe human 

PBPK model to find the continuous inhalation exposure level yielding an intemal dose metric at the BMDLio/IO'. 
*• Other risk-specific concentrations and the reference concentration were estimated by multiplying the I x lO"* air concentration by 

an appropriate factor assuming a linear relationship between continuous inhalation exposure level and modeled intemal dose at 
lower exposure levels (i.e., <I000 mcg/m') (see Section 2.5 for details). This is a practical and accurate estimation method. For 1 
X 10"'and 1 x 10"*risk-specific concenfrations, the factor is lOVlO* (=10) and lO'/lO' (=100), respectively; for the reference 
concentration, the factor is IOV3OO (=333). 

2003). 
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Table 5-35. Derivation of Potential TCE Air Criteria Based on Malignant Lymphoma in Mice. 

Study 

Reference: 
Henschler etal. 1980 

Species, strain: 
Mice, NMRI - females 

Exposure: 
6 hrs/day, 5 davs/wk, 78 wks 

Exposure 
Level 

(mg/m') 

0 
537 

2685 

Lymphoma 
Incidence 

9/29 
17/30 
18/28 

Best Model Fit 

p-value 

Point-of-depanure (animal dose metric); 
BMDLio 

Low-Dose Extrapolation Method (US 
EPA, 200Sa) 

Linear to 1 x lO"* cancer risk level 
(mcg/m')* 

Linear to 1 x 10'cancer risk level 
(mcg/m')** 

Linear to 1 x 10* cancer risk level 
(mcg/m')** 

Non-Linear to Reference Concentration 
(mcg/m')** 

Uncertainty 
Factor 

not applicable 

not applicable 

not apiplicable 

3000 

LADE (mg/m') 

0 
72 

360 

Dose Metric (LADD) 

AUC TCE 
(mg-hr/L) 

0 
3.614 
19.69 

AUC TCA 
(mg-hr/L) 

0 
307.2 
825.1 

Total Oxidative 
Metabolites 
(mg/g liver) 

0 
09536 
4.503-

Polynomial 

0.14 

31 

0.12 

1.7 

0.34 

69 

0.14 

0.38 

Potential Air Criteria (human equivalent air concentration) (mcg/m') 

0.3 

3.0 . 

30 

10 

0.3 

3.0 

30 

10 

0045/0.18' 

0.45/01.8' 

4.5/18' 

1.5/6' 

1.2 

12 

120 

40 

' Estimate based on free fraction of TCA assuming free TCA fraction in plasma is four times lower in humans than in mice (Lumpkin et al., 2003). 
* The air concentration associated with a I x lO-* excess lifetime human cancer risk was estimated from iterative runs ofthe human PBPK model to find the 

continuous inhalation exposure level yielding an intemal dose metric at the BMDLio'lO'. 
** Other risk-specific concentrations and the reference concentration were estimated by multiplying the I x lO"* air concentration by an appropriate factor 

assuming a linear relationship between continuous inhalation exposure level and modeled intemal dose at lower exposure levels (i.e., < 1000 mcg/m') 
(see Section 2.5 for details). This is a practical and accurate estimation method. For 1 x 10'and 1 x 10"^risk-specific concentrations, the factor is 
lOVlO' (=10) and 10'/I0' (=100), respectively; for the reference concentration, the factor is I0V3000 (=33). 
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Table 5-36. Calculation of Adjusted Excess Human Lifetime Cancer Risks from Continuous Exposure to 1 mcg/m^ of TCE in 
Air from Birth to 70 Years of Age. 

Ages 
Unadjusted 
Unit Risk 

(mcg/m*)"'* 
ADAF** 

Age-Speciflc 
Adjusted Unit Risk 

(mcB/mV 

Fraction of 
70-Year Lifespan 

Excess Risk for Age 
Period*** 

Liver Cancer 
birth - 2"" birthday 
2 to 16"" birthday 
16 until 70"" birthday 

5.55 x lO-' 
lOX 
3X 
IX 

adjusted exce 

5.55x10-" 
1.66x10"" 
5.55 X 10-' 

2/70 
14/70 
54/70 

1.59x10' 
3.32x10"' 
4.28x10"' 

ss lifetime risk from exposure to 1 mcg/m' (i.e., unit risk) = 9.19 x lO"'" 
Kidney Cancer 
birth - 2"" birthday 
2 to 16"" birthday 
16 until 70"" birthday 

7.69x10"' 
lOX 
3X 
IX 

adjusted exce 

7.69x10-' 
2.31 X I0-' 
7.69x10"' 

2/70 
14/70 
54/70 

2.20 X I0-' 
4.62x10-' 
5.93x10"' 

SS lifetime risk from exposure to 1 mcg/m' (i.e., unit risk) = 1.28 x 10"'" 
Lung Cancer 
birth - 2"" birthday 
2 to 16"" birthday 
16 until 70"" birthday 

7.69 X 10-'' 
lOX 
3X 
IX 

adjusted exce 

7.69 X I0-" 
2.31 X 10-" 
7.69x10-' 

2/70 
14/70 
54/70 

2.20 X 10' 
4.62 X 10"' 
5.93x10"' 

SS lifetime risk from exposure to 1 mcg/m' (i.e., unit risk) = 1.28 x 10-** 
* Unit risk =1x10" risk / I x 10 risk air concentration (from Table 5-31 for liver cancer in male mice (Maltoni et al., 1986); Table 

5-32 for kidney cancer in male rats; and Table 5-33a for lung cancer in male mice (Maltoni et al., 1986). Dose metric is TCE air 
concentration (mg/m'). 

**Age-Dependent Adjustment Factor (US EPA, 2005b). 
*** Excess risk for age period = adjusted unit risk X I mcg/m' X fraction of 70-year lifespan. 
* Adjusted excess lifetime cancer risk = sum of excess risk for each age period. 
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Table 5-37. Comparison of Unadjusted and Adjusted Risk-Specific TCE Air Concentrations and Inhalation Unit 
Risks Based on Liver, Kidney and Lung Cancer in Animals. 

Cancer 

liver 

kidney 

lung 

Species, Sex 

mice, male 

mice, female mice 

rats, male 

mice, male 

mice, female 

mice, female 

Type of 
Estimate* 

unadjusted' 
adjusted**'* 
unadjusted' 
adjusted**'" 
unadjusted^ 
adjusted**'' 
unadjusted' 
adjusted**'* 
unadjusted' 
adjusted**'" 
unadjusted"* 
adjusted**'" 

TCE Air Concentration (mcE/m') 
Risk Specific Concentrations 

1 X 10-" risk 
1.8 
I.l 
4.2 
2.6 
13 
7.8 
1.3 

0.78 
2.7 
1.6 
1.4 

0.84 

1 X 10 ' risk 
18 
II 
42 
26 
130 
78 
13 
7.8 
27 
16 
14 
8.4 . 

1 X 10-"" risk 
180 
110 
420 
260 
1300 
780 
130 
78 
270 
160 
140 
84 

Unit Risk** 
(mcg/m')-' 

5.55 x 10"' 
1.28x10'" 
2.38x10"' 
3.85x10"' 
7.69x10-' 
1.28x10"' 
7.69 X 10"' 
1.28x10"" 
3.70 X 10"' 
6.25x10"' 
7.14x10"' 
l.I9x 10"" 

*Adjusted for increased potency of early life exposures using default methods recommended in US EPA (2005b). 
** Unit risk = risk-specific level / risk-specific air concentration or risk-specific air concentration = risk-specific 

level / unit risk. 
' From Table 5-31 (Maltoni et al., 1986). 
^ From Table 5-32 (Maltoni et al., 1986). 
' From Table 5-33a (Maltoni et al., 1986). 
" From Table 5-33b (Fukuda et al., 1983). 
' From Table 5-36. 
" Adjusted values were calculated by assiuning the same reduction in the adjusted value as was calculated in Table 

5-36 for liver or" lung cancers. 
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Table S-38. Summary of Potential TCE Air Criteria (mcg/m*) Based on Carcinogenic Effects Observed in Animals Exposed to. 
TCE in Air (all data from Tables 5-31 through 5-37). 

Study Sex, Species 
High-to-Low-Dose 

Extrapolation 

Dose Metric Used in Extrai>oIations 
LADE* 

Un
adjusted 

Adjusted 

LADD 

AUC 
TCE 

AUC TCA 
Total 

Oxidative 
Metabolites 

AUC 
CHL 

AUC 
DCVC 

Liver Tumors in Mice 

Maltoni etal. (1986) 

Female, mice 

Male, mice 

Linear, 10"* 
Linear, 1 0 ' 

Linear, 10"̂  
Non-linear (RfC) 

Linear, lO"* 
Linear, 10 ' 

Linear, 10"' 

Non-linear (RIC) 

4.2 
42 
420 

2.6 
26 

260 
140 

1.8 
18 

180 

1.1 
11 

110 

60 

-
-
-

• -

-
-
-
-

0.6 
6.0 
60 
20 

0.36 

3.6 
36 

12 

2.4' 
24' 

240' 
80' 

>i.'L4^^: 

m^si 
}::i4VH 

<:<mm 

-
-
-
-

-
-
-

-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-

Kidney Tumors in Rats 

Maltoni etal. (1986) Male, rats 

Linear, 10"' 
Linear, lO ' 
Linear, 10"' 

, Non-linear (RfC) 

-••>:V:13:::--;<i 

•!:?.;130i*a?^ 

]mm:r: 

;:^i57;8«5: 

?ft^^78vfc::-
i;:i--780;f?2 

:̂ :̂ :AMjm-!J^^r:-'.'l 

-
-
-
-

-
-
-
-

-
-
-
-

-
-
-
_ 

;i'mMxm-i 
:imvfi<MV0 
J S 3 1 Q ; 0 ( J 0 M 

1*100 ,000^ 

Lung Tumors in Mice -

Maltoni etal. (1986) 

Fukuda etal. (1983) 

Female, mice 

Male, mice 

Female, mice 

Linear, lO"* 
Linear, 10 ' 
Linear, lO"* 

Non-linear (RfC) 
Linear, 10"* 
Linear, 10 ' 
Linear, 10"" 

Non-linear (RfC) 
Linear, 10"* 
Linear, 10 ' 
Linear, 10"* 

Non-linear (RfC) 

2.7 
27 

270 

1.6 
16 

160 
90 

13 ' 
13 
130 

0 78 
7 8 
78 

43 ^ 
14 
14 

140 

0 84 
8.4 
84 

47 

-
-
-
-
-
_ 
_ 
-
_ 
-
_ 
-

-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
_ 
-
-
-
_ 
-

100 
1000 

10,000 
3300 

52 
520 
5200 
1700 
52 
520 
5200 
1700 

-
-
-
-
-
-
-
-

-
-
-

Shaded cells show recommended potential criteria for target organ/tissue based on an evaluation of data on dose metric and MOA. 
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Table 5-38 (continued). 

Study Sex, Species High-to-Low-Dose 
Extrapolation 

Dose Metric Used in Extrapolations 
LADE* 

Un
adjusted Adjusted 

LADD 

AUC 
TCE AUC TCA 

Total 
Oxidative 

Metabolites 

AUC 
CHL 

AUC 
DCVC 

Testes Tumors in Rats 

Maltoni etal. (1986) Male, rats 

Linear, lO"* 
Linear, 10"' 
Linear, 10"" 

Non-linear (RfC) 

»«):9SriS 
ifSV?9!()S :̂: 
t^;»90i^-

-
-
_ 

300 

3.2 
32 
320 
1100 

0.063 
0.63 
6.3 
21 

0.12'' 
1.2̂  
12̂  
42" 

3.3 
33 
330 
1100 

-
-
-
-

-
-
-
-

Lymphomas in Mice 

Henschler etal. (1980) Female, mice 

Linear, 10"* 
Linear, 10? 
Linear, lO" 

Non-linear (RfC) 

S£0:30;S 
m(3:m'^ 
1&i30Mif, 

_ 
-
-

10 

03 
3.0 
30 
10 

0.045 
0.45 
4.5 
1.5 

0.18' 
1.8' 
18' 
6' 

1.2 
12 
120 
40 

_ 
_ 
-
-

_ 
-• 
_ 
-

Shaded cells show recommended potential criteria for target organ/tissue based on an evaluation of data on dose metric and MOA. 
' Estimate based on free fraction of TCA assuming free TCA fraction in plasma is four times lower in humans than in mice (Lumpkin et al., 2003). 
'' Estimate based on free fraction of TCA assuming free TCA fraction in plasma is two times lower in humans than in rats (Lumpkin et al., 2003). 
* The LADE estimates based on linear low-dose extrapolation are unadjusted and adjusted for the potential increased sensitivity of children to the early-life TCE 

exposures using US EPA (2005b) guidelines. Adjusted values were not calculated using age-specific intemal dose metrics (LADD) because validated TCE PBPK 
models for children are unavailable and because of additional uncertainties associated widi estimating model parameter values for children. Adjusted values were 
not calculated based on testes tumors and lymphomas because the MOA for those cancers is unknown, and in such cases, the US EPA (2005b) guidelines 
recommends using unadjusted values. 
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Table 5-39. Summary of Evaluation Process to Determine Recommended TCE Air Criteria Based on Carcinogenic Endpoints 
Observed in Animals Exposed to TCE in Air. 

Factor 

Confidence Cancer/Tumor is 
Valid Surrogate for Human 

Cancer 
Dose Metric Method for 

Cross-Species ExU-apolations 

Preferred Dose Metric 

Method for High-to Low-Dose 
Extrapolation 

Choice Based on Weight-of-Evidence Analyses 

Liver 

higher 

PBPK 

TCA AUC (mg-
hr/L, free fraction) 

linear, non-linear 

Kidney 

higher 

default 

TCE (mg/m') 

PBPK 

DCVC AUC 
(mg-hr/L) 

linear (adjusted and 
unadjusted), non-linear 

Lung 

lower 

default 

TCE (mg/m') 

linear, 
non-linear 

Testes 

lower 

default 

TCE (mg/m') 

linear 

Lymphoma 

higher 

default 

TCE (mg/m') 

linear 

Recommended Candidate TCE Air Criteria (mcg/m') for Each Cancer/Tumor (Data from Table 5-38) 

Linear (1 x 10"*, 1 x 10"', 
1 X 10"* risk level); Default 
Linear (1 x 10-*, 1x10"', 
1 X 10"* risk level); PBPK 
Non-Linear (RfC cancer); 

Default 

Non-Linear (RIC cancer); PBPK 

-

1.4,14, 140* 

-

48* 

13, 130, 1300 7.8,78,780** 

3100,31,000,310,000 

430 

100,000 

1.3,13,130* 

-

43* 

-

0.9,9, 90 

-

-

-

0.3,3,30 

-

-

TCE Air Criteria (mcg/m') Selected for Evaluating Human Exposure -̂  

Linear ( I x 10"*, 1 x 10"', 
IxlO-" risk level); Default 
Linear (1 x 10-*, 1 x 10"', 
1 X lO"* risk level); PBPK 
Non-Linear (RfC cancer); 

Default 

Non-Linear (RfC cancer); PBPK 

-

1.4,14,140* 

48* 

13, 130, 1300 7.8, 78,780** 

3100,31,000,310,000 

430 

100,000 

-

-

-

-

-

-

-

-

0.3,3,30 

-

-

-

* The listed criteria are based on most sensitive dose-response data set when multiple data sets are available. 
•* These LADE estimates based on linear low-dose extrapolation are adjusted for the potential increased sensitivity of children to the early-life 

TCE exposures using US EPA (2005b) guidelines. 
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Table 6 - 1 . Standards and Guidelines for TCE in Air. 

Agency/State | Time Period | Value (mg/m') | Basis/Comment | Reference* 
Workplace Standards 

OSHA (Peak) 
OSHA (Ceiling) 

OSHA (PEL. TWA) 
WHO (Ceiling) 

5 minutes max peak in any 2 hrs 
5 minutes 

8-hr work shif̂  of 40-hr work wk 
15 minutes 

1612 (300 ppm) 
1074 (200 ppm) 
537 (too ppm) 

1000 

ACGIH TLV 
ACGIH TLV 
ACGIH TLV 

lowest level feasible 

1,2,3,4 
1,2,3,4 
1,2,3,4 

5 
Workplace Guidelines 

ACGIH (STEL) 
ACGIH (TLV, TWA) 

AIHA (ERPG-2) 

NIOSH 
(REL, TWA) 

NIOSH (IDLH) 

15 minutes 
8-hi work shift of 40-hr work wk 
1 hr exposure without developing 

irreversible health effects 

10-hr work day of 40-hr work wk 

Immediately dangerous to life or health 

537 (100 ppm) 
269 (50 ppm) 

2690 (500 ppm) 

134 (25 ppm) 

5370 (1000 ppm) 

Headache, fatigue, irritability decreased liver function 
Anesthetic effects (CNS depression), decreased liver function 

human studies showing upper respiratory tract irritation 

dizziness, fatigue nausea, headache, sensory irritation, 
respiratory irritation and the feasibility of control technology 

decreased psychophysiological perforrriance 

6 
6 

7 

8,10 

9,10 
ATSDR Minimal Risk Levels 

ATSDR 
ATSDR 

Acute duration (14 days or less) 
Intermediate duration (15-364 days) 

10.8(2 ppm) 
0.54 (0.1 ppm) 

neurological effects 
neurological effects 

11 
11 

ERPG-2 - Emergency response plannirig guideline-2; IDLH - Immediately dangerous to life or health. 
* References 

1. 

10. 

OSHA (Occupational Safety and Health AdminisU^ation). 1988. Occupational Safety and Health Guidelini: for Trichloroethene, Potential Human Carcinogen. Public 
Health Service. Center for Disease Control. Washington, DC. 
OSHA (Occupational Safety and Health Administration). 1989. Preamble to Final Rules, Air Contaminants Amended Final Rule. US Department of Labor. 
Washington, D.C. Available online at: http:.''/ww\v.osha.cov/pls/osliaweb;'owasrch.search fomi?D doc 
tvne=PREAMBLES&n t(K level=l&n kevvalue=Air~Contaminanls. 
OSHA (Occupational Safety and Health Administration). 1993a. Air contaminants final rule. Federal Register 58:35388-35351. US Department of Labor. 
Washington, D.C. Available online at:htlD:,''/\vww.osha.i!ov'nls/oshaweb'owadisn.show document'.'n table=FEDERAL REGlS1ER&n id=l3306. 
OSHA (Occupational Safety and Health Administration). 1993b. Compliance and Enforcement Activities Affected by the PELs Decision. US Department of Labor 
Washington, D.C. Available online at: htiD:.''/www.osha i;ov/tils/oshaweb/owadisn.sliow document?p table=INTERPRETATIONS&n id=2l320. 
WHO (World Health Organization). 1981. Recommended Health-Based Limits in Occupational Exposure to Selected Organic Solvents. WHO Technical Support 
Series 664. Geneva, Switzerland. Available online at: hnD:'/whulibdoc who.int/'lrs/WHO TRS 664.pdf 
ACGIH (American Conference of Govemmental Industrial Hygienists). 2001. Documentation ofthe Threshold Limit Values and Biological Exposure Indices. 7"" ed. 
Cincinnati, OH. 
AIHA (American Industrial Hygiene Association). 1998. Emergency Response Planning Guidelines for Trichloroethene. Fairfax, VA. 
NIOSH (National Institute for Occupational Safety and Health). 1996. Documentation for Immediately Dangerous to Life of Health Concentrations: Trichloroethene. 
US Department of Health and Human Services. Centers for Disease Control and Prevention. Cincinnati, OH. Available online at: 
hnD://www.cdc.tiOv/niosh,'idlh/79016.hlml. 
NIOSH (National Institute for Occupational Safety and Health). 2002. Online NIOSH Pocket guide to chemical hazards. US Department of Health and Human 
Services, Public Health Service, Centers for Disease Control and Prevention. Washington, DC. Available online at: hiiD:.''/www.cdc.gov./niosh/npa'nni;d0629.hlml. 
NIOSH (National Institute for Occupational Safety and Health). 2004. NIOSH Pocket Guide to Chemical Hazards (NPG) Appendices. US DeparUnent of Health and 
Human Services, Public Health Service, Centers for Disease Control and Prevention. Washington, DC. Available online at: 
hnp:.''/www.cdc.t;ov.'nlosh/nDii'neniiapdx.html. 
ATSDR (Agency for Toxic Substances and Disease Registry). 1997. Toxicological profile for Trichloroethene. US Department of Health and Human Services, Public 
Health Service. Atlanta, GA. Available online at: httn:/.''www.atsdr.cdc.i'Ov/ioxprofiles.-'tpI9.html. 

265 

AR100635

http://www.osha
http://www.cdc.tiOv/niosh,'idlh/79016.hlml
http://www.cdc.gov./niosh/npa'nni;d0629.hlml
http://www.cdc.t;ov.'nlosh/nDii'neniiapdx.html
http://www.atsdr.cdc.i'Ov/ioxprofiles.-'tpI9.html


Table 7 -1 . Summary of Background TCE Concentrations (mcg/m') in Indoor and Outdoor Air Samples Collected by 
US EPA and NYS Agencies. 

Sample 
Type 

Indoor Air 

Outdoor 
Air 

Sample 
Method 

canister 

canister 

tube 

passive 
monitor 

tube 

canister 

canister 

canister 

tube 

passive 
monitor 

Minimum* 

<0.25 

<0.6 

<0.2 

0.04 

<0.11 

<0.I1 

<0.25 

<0.6 

<0.2 

0.04 

Results ( 

Median 

<0.25* 

<0.6* 

0.3 

0.12 

<0.1l* 

0.16 

<0.25* 

<0.6* 

<0.2* 

0.12 

mcg/m*) 

90" 
Percentile 

0.48 

4.2 

1.1 

1.4' 

0.43 

I.l 

032 

1.3 

0.5 

0.79' 

Maximum 

25 

88 

18 

7.8^ 

8.4 

6.5 

1.3 

14 

2 

1.9' 

Percentage of 
Not-Detected 

81% 

72% 

44% 

59% 

55% 

44% 

89% 

81% 

71% 

67% 

Sampling 
Period 

1997-2002 

1994-1996 

1994-1996 

1999-2001 

1990-1998 

1999-2000 

1997-2002 

1994-1996 

1994-1996 

1999-2001 

Reference** 

NYS DOH, 2003 

US EPA BASE 

US EPA BASE 

Weisel et al. 2005 

NYS DEC, 2000 

NYS DEC, 2002 

NYS DOH. 2003 

US EPA BASE 

US EPA BASE 

Weisel et al. 2005 

' Values are the 95"^percentile. 
' Values are the 99"' percentile. 
* < Means "less than." The number following a "less than sign" (<) is the lowest level the laboratory test can reliably measure (detection limit). If there is a 
"<" before any number, then the chemical was NOT detected in the sample (not-detected). 
* • References 
NYS DEC (New York State Department of Environmental Conservation). 2000. Ambient Air Monitoring Report for Volatile Organic Compounds: 

Summary of Toxic Monitoring Data From 1990 to 1998. Albany, NY: Division of Air Resources-Bureau of Air Quality Surveillance. 

NYS DEC (New York State Department of Environmental Conservation). 2002. Ambient Air Monitoring Report for Volatile Organic Compounds: 
Summary of Toxic Monitoring Data From 1990 to 2000. Albany, NY: Division of Air Resources-Bureau of Air Quality Surveillance. 

NYS DOH (New York State Department of Health). 2005. Study of Volatile Organic Chemicals in Air of Fuel Oil Heated Homes. Albany, NY: Bureau of 
Toxic Substance Assessment. Available online at hnn:v\vw\v.heallh.slate.nv us'nvsdoh/indoor/fuel oil.htm (last accessed on March 3,2006). 

US EPA (United States Environmental Protection Agency). Building Assessment, Survey and Evaluation Study (BASE). Washington, DC: Office of Air 
and Radiation. Available online at: hnp:'/ww\v.eDa.HOv/iaa/lari:ebldgs;base nage him (last accessed on February 10. 2006). 

Weisel C P. Zhang J, Turpin BJ, et al. 2005. Relationships of Indoor, Outdoor, and Personal Air (RIOPA). Health Effects Institute, Boston, MA and 
National Urban Air Toxics Research Center, Houston, TX. 
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Table 8-1. Margins-of-Exposures, Hazard Indices, and Excess Cancer Risks at the TCE Air Guideline of 5 mcg/m 

Low-Dose Extrapolation Method 
and Health Endpoint Species 

Criterion 
(mcg/m') 

Non-Carcinogenic Effects 

Margin-of-Exposure* Hazard Index** 
Excess Cancer 

Risk" 

Non-Linear 
Non-Carcinogenic Effects 

Central Nervous System 
Developmental (acute) 
Male Reproductive System 
Liver 
Kidney 

human 
rat 

rat, mouse 
mouse 
mouse 

10 
20 (19 & 22) 

20 
160 
160 

2200(100) 
1100 (300) & 130 (30) 

4000(1000) 
3200(100) 
9600 (300) 

0.50 
0.25 
0.25 
0.031 
0.031 

-
-
-
— 
_ 

Carcinogenic Effects 
Kidney 
Liver 

rat 
mouse 

430 
48 

130,000(1500) 
29,000 (3000) 

0.012 
0.10 

-
-

Linear (Carcinogenic Effects)"* 
Kidney 
Liver 
Lymphoma 
non-Hodgkin's Lymphoma or 
Esophagus 

rat 
mouse 
mouse 

human 

7.8 
1.4 

0.30 

0.36 

— 
-
_ 

-

-
-
_ 

-

<l X 10"" 
4x10"" 
2x10"^ 

1 X 10"' 

* Margin-of-exposure = difference between exposure at the point-of-departure used to derive criterion and exposure at guideline 
(i.e., air concentrations corresponding to point-of-departure / 5 mcg/m'). The value in parenthesis is the magnitude ofthe total 
uncertainty factor applied to the point-of-departure to calculate each criterion; typically, a margin-of-exposure that is greater than 
the total uncertainty factor is considered to be protective of public health. 

** Hazard index = air guideline / air criterion; the guideline was selected to insure that the hazard quotient for each health endpoint 
would be I or less; the hazard index is provided to show the degree to which the guideline is protective of each health endpoint. 

"Excess cancer risk at air guideline (y), where 5 mcg/m' / y = risk-specific concentration / risk-specific level (i.e., 1 x 10"*). 
Air concentrations associated with an excess lifetime human risk of I x 10-* are provided for comparative purposes, air 
concentrations associated with excess risks 1x10"' and I x 10"̂  are I OX and lOOX the given concentration. 

267 

AR100637



Table 8-2. Recommended Actions at Combinations of TCE Sub-slab Air Concentration and TCE Indoor Air Concentrations under 
the Proposed (2005) and Final (2006) Soil Vapor/Indoor Air Matrix 1. 

Sub-slab TCE 
Concentration 

(mcg/m') 

^250 

50 to < 250 

5 to < 50 

<5 

Matrix 
1 

draft 

final 

draft 

final 

dral^ 

final ' 

draft 

filial ' 

Indoor Air TCE Concentration (mcg/m') 

25 <5 4.5 4 3.5 3 2.5 2 1.5 1 0.5 0.25 <0.25 

MITIGATE 

- ' , MITIGATE _ , 

MITIGATE MONITOR 

MITIGATE 

MITIGATE 

MITIGATE 

M, RPA, 
M* 

MONITOR/ ' 
MITIGATE 

MONITOR 

; V ' MONITOR- ' / : \ ^ . ' , V 

REASONABLE & PRACTICAL ACTIONS & 
MONITOR 

REASONABLE & PRACTICAL 
ACTIONS 

REASONABLE & PRACTICAL ACTIONS 

MONITOR 

NFA** 

NFA**' 

NFA** 

NFA** 

• MITIGATE OR REASONABLE & PRACTICAL ACTIONS AND MONITOR. 
** NO FURTHER ACTION. 
See Figure l-I for explanation of actions for final Matrix I. 
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Appendix 1. Trichloroethene Fact Sheet 
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Trichloroethene (TCE) in Indoor and Outdoor Air 

Fact Sheet: February 2005 

What is trichloroethene? 

Trichloroethene is a manufactured, volatile organic chemical. It has been used as a solvent to 
remove grease from metal. Trichloroethene has also been used as a paint stripper, adhesive 
solvent, as an ingredient in paints and varnishes, and in the manufacture of other organic 
chemicals. Other names for trichloroethene include TCE and trichloroethylene. TCE is a 
common name for trichloroethene and will be used for the rest of this fact sheet. 

TCE is a clear, colorless liquid, and has a somewhat sweet odor. It is non-flammable at room 
temperature and will evaporate into the air. 

How can I be exposed to TCE? 

People can be exposed to TCE in air, water and food. Exposure can also occur when TCE, or 
material containing TCE, gets on the skin. 
TCE gets into the air by evaporation when it is used. TCE can also enter air and groundwater if it 
is improperly disposed or leaks into the ground. People can be exposed to TCE if they drink 
groundwater contaminated with TCE, and if the TCE evaporates from the contaminated drinking 
water into indoor air during cooking and washing. They may also be exposed if TCE evaporates 
from the groundwater, enters soil vapor (air spaces between soil particles), and migrates through 
building foundations into the building's indoor air. This process is called "soil vapor intrusion." 

How can TCE enter and leave my body? 

If people breathe air containing TCE, some ofthe TCE is exhaled unchanged from the lungs and 
back into the air. Much ofthe TCE gets taken into the body through the lungs and is passed into 
the blood, which carries it to other parts ofthe body. The liver changes most ofthe TCE taken 
into the blood into other compounds, called breakdown products, which are excreted in the urine 
in a day or so. However, sorne ofthe TCE and its breakdown products can be stored in the fat or 
the liver, and it may take a few weeks for them to leave the body after exposure stops. 

What kinds of health effects are caused by exposure to TCE in air? 

In humans, long term exposure to workplace air containing high levels of TCE (generally greater 
than about 40,000 micrograms of TCE per cubic meter of air (meg TCE/m^)) is linked to effects 
on the central nervous system (reduced scores on tests evaluating motor coordination, nausea, 
headaches, dizziness) and irritation ofthe mucous membranes. Exposure to higher levels 
(generally greater than 300,000 meg TCE/m'') for short periods of time can irritate the eyes and 
respiratory tract, and can cause effects on the central nervous system, including dizziness, 
headache, sleepiness, nausea, confusion, blurred vision and fatigue. In laboratory animals, 
exposure to high levels of TCE has damaged the central nervous system, liver and kidneys, and 
adversely affected reproduction and development of offspring. Lifetime exposure to high levels 
of TCE has caused cancer in laboratory animals. 

271 
AR100640



/ 

Some studies of people exposed for long periods of time to high levels of TCE in workplace air, 
or elevated levels of TCE in drinking water, show an association between exposure to TCE and 
increased risks for certain types of cancer, including cancers ofthe kidney, liver and esophagus, 
and non-Hodgkin's lymphoma. One study showed an association between elevated levels of 
TCE in drinking water and effects on fetal development. Other studies suggest an association 
between workplace TCE exposure and reproductive effects (alterations in sperm counts) in men. 
We do not know if the effects observed in these studies are due to TCE or some other possible 
factor (for example, exposure to other chemicals, smoking, alcohol consumption, socioeconomic 
status, lifestyle choices). Because all of these studies have limitations, they only suggest, but do 
not prove, that exposure to TCE can cause cancer in humans and can cause developmental and 
reproductive effects as well. 

What are background levels of TCE for indoor and outdoor air? 

The exact meaning of background depends on how a study selected sampling locations and 
conditions. Generally, sampling locations are selected to be not near known sources of volatile 
chemicals (for example, a home not near a chemical spill, a hazardous waste site, a dry cleaner, 
or a factory). In some studies, the criteria for sampling indoor air may require checking 
containers of volatile chemicals to make sure they are tightly closed or removing those products 
before samples are taken. The New York State Department of Health (NYSDOH) has used 
several sources of information on background levels of TCE in indoor and outdoor air. One 
NYSDOH study of residences heated by ftiel oil found that background concentrations of TCE in 
indoor and outdoor air are less than 1 mcg/m^ in most cases. In this study, most homes did not 
have obvious sources of volatile organic compounds (VOCs). In those homes with VOC sources, 
samples were taken and the data are included in the study. 

Wha t are sources of TCE in air in homes? 

TCE is found in some household products, such as glues, adhesives, paint removers, spot 
removers, rug cleaning fluids, paints, metal cleaners and typewriter correction fluid. These and 
other products could be potential sources for TCE in indoor air. 

Another source of TCE in indoor air is contaminated groundwater that is used for household 
purposes. Common use of water, such as washing dishes or clothing, showering, or bathing, can 
introduce TCE into indoor air through volatilization from the water. 

TCE may also enter homes through vapor intrusion as described on page 1 in the question "How 
can I be exposed to TCE?". 

What is the level of TCE that people can smell in the air? 

The reported odor threshold (the air concentration at which a chemical can be smelled) for TCE 
in air is about 540,000 meg TCE/m''. At this level, most people would likely be able to start 
smelling TCE in air. However, odor thresholds vary from person to person. Some people may be 
able to detect TCE at levels lower than the reported odor threshold and some people may only 
detect it at concentrations higher than the reported odor threshold. 

If I can't smell TCE in the air, am I being exposed? 
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Just because you can't smell TCE doesn't mean there is no exposure. Sampling and testing is the 
best way to know if TCE is present. 

What is the NYSDOH's guideline for TCE in air? 

After a review ofthe toxicological literature on TCE, the NYSDOH set a guideline of 5 mcg/m'' 
for TCE in air. This level is lower than the levels that have caused health effects in animals and 
humans. In setting this level, the NYSDOH also considered the possibility that certain members 
ofthe population (infants, children, the elderly, and those with pre-existing health conditions) 
may be especially sensitive to the effects of TCE. 

The guideline is not a bright line between air levels that cause health effects and those that do 
not. The purpose ofthe guideline is to help guide decisions about the nature ofthe efforts to 
reduce TCE exposure. Reasonable and practical actions should be taken to reduce TCE exposure 
when indoor air levels are above background, even when they are below the guideline of 5 
mcg/m .̂ The urgency to take actions increases as indoor air levels increase, especially when air 
levels are above the guideline. In all cases, the specific corrective actions to be taken depend on a 
case-by-case evaluation ofthe situation. The goal ofthe recommended actions is to reduce TCE 
levels in indoor air to as close to background as practical. 

Should I be concerned about health effects if I am exposed to air levels slightly 
above the guideline? Below the guideline? 

The possibility of health effects occurring is low even at air levels slightly above the guideline. 
In addition, the guideline is based on the assumption that people are continuously exposed to 
TCE in air all day, every day for as long as a lifetime. This is rarely true for most people who are 
likely to be exposed for only part ofthe day and part of their lifetime. 

How can I limit my exposure to TCE? 

TCE can get into indoor air through household sources (for example, commercial products that 
contain TCE), from contaminated drinking water, or by vapor intrusion. As with any indoor air 
contaminant, removing household sources of TCE will help reduce indoor air levels ofthe 
chemical. Maintaining adequate ventilation will also help reduce the indoor air levels of TCE. If 
TCE is in the indoor air as a result of vapor intrusion, a sub-slab depressurization system, much 
like a radon mitigation system, will reduce exposures by minimizing the movement of vapors 
that are beneath a slab into a building. If TCE is in the water supply of a house, a carbon filter on 
the water supply to remove the TCE will minimize ingestion and inhalation exposures. 

Is there a medical test that can tell me whether I have been exposed to TCE? 

TCE can be measured in people's breath soon after they are exposed. TCE and some of its 
breakdown products can be measured in the urine and blood. These tests are not routinely 
available at a doctor's office. Urine and blood tests can indicate that you may have recently 
(within the last few days) been exposed to a large amount ofthe chemical. However, they cannot 
tell you the source ofthe exposure. Some ofthe breakdown products of TCE can also be formed 
from other chemicals. 

When should my children or I see a physician? 
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If you believe you or your children have symptoms that you think are caused by TCE exposure, 
you or your children should see a physician. You should tell the physician about the symptoms 
and about when, how and for how long you think you and/or your children were exposed to 
TCE. 

What is the NYSDOH doing to educate physicians about TCE? 

The NYSDOH maintains an Infoline (I-800-458-1158) that physicians or the public can call 
when they have questions related to various types of chemical exposures. A certified 
occupational and environmental health nurse is available to triage physicians' questions and to 
direct their inquiries to the appropriate staff member. 

The NYSDOH also works closely with the federal Agency for Toxic Substances and Disease 
Registry (ATSDR), making their educational materials available to physicians upon request. One 
of these items is an environmental medicine case study entitled "Trichloroethylene (TCE) 
Toxicity," which provides the opportunity for physicians to earn continuing medical education 
credits from the Centers for Disease Control and Prevention. Physicians who would like to 
complete this training are encouraged to contact the NYSDOH for more information. A printed 
copy can be mailed to the physician or it can be accessed on-line at the following web site 
http://www.atsdr.cdc.gov/HEC/CSEM/tce/index.html. 

Where can I get more information? 

If you have any questions about the information in this fact sheet or would like to know more 
about TCE, please call the NYSDOH at 1-800-458-1158 or write to the following address: 

New York State Department of Health 
Bureau of Toxic Substance Assessment 
Flanigan Square, 547 River Street 
Troy, NY 12180-2216 
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Appendix 2. Supplemental PBPK Modeling Information. 

Text 
References 
Table A-1 
Table A-2 
Table A-3 
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Appendix 2. Supplemental PBPK Modeling Information. 

The mouse, rat and human PBPK models used to estimate intemal dose metrics from 
exposures via inhalation, drinking water and oral gavage implemented the same model structure 
as in Clewell et al. (2000). The parameter set used was based on the population posterior mean 
parameter estimates reported by Bois (2000) in his Bayesian analysis ofthe Clewell et al. (2000) 
model. The complete parameter sets used in the current implementation reflect all the available 
mean posterior estimates from Bois (2000), supplemented by mean prior estimates or original 
values from Clewell et al. (2000) for those parameters where the Bois (2000) analysis did not 
report a posterior estimate. Parameters are listed for each model in Table A-I. 

Correct implementation ofthe Clewell model structure was verified by comparing model 
results reported to defined exposure scenarios in Clewell et al. (2000) with runs of our 
implementation simulating the same exposure scenario. Most results matched quite closely 
(Table A-2). The only deviations involved either cases where the Clewell et al. (2000) tables 
contained an apparent typographical error resulting in mis-labeled units (and an apparent 
discrepancy of 1000-fold) or a small number of cases where there were conflicting results in 
different tables in the Clewell paper for what appeared to represent identical exposure scenarios. 
In the latter case, our test simulations matched one result, but not the other. 

After confirming the correct model structure implementation, simulation runs using the 
Bois population posterior mean parameter estimates were conducted to compare with results 
from Bois (2000) as another verification that our implementation was accurately representing the 
expected model behavior. Bois (2000) presents results for defined exposure scenarios in mouse, 
rat and human as samples from Markov Chain Monte Carlo simulation runs, reporting means and 
95% confidence intervals. These results reflect the expected behavior sampled from 
distributions of model parameters. Since our implementation is based on point estimates for 
model parameters, an exact match with the Bois means is not expected. However, our resuhs are 
generally close to the Bois (2001) mean estimates (usually within 10%) and are always contained 
within their 95% confidence intervals (Table A-3). 
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Appendix 2, Table A-1. PBPK Model Parameters used in Model to Estimate Internal 
Dose Metrics (see Clewell et al. (2000) for parameter 
definitions, abbreviations and units). 

Parameter 

Body Weight (BW) 
Cardiac Output (QCC) 
Alveolar Ventilation (QPC) 

Units 

kg 
L/hr 
L/hr 

Scaling^ 

-

BW^ '̂' 
BW^ '̂' 

Population Posterior Geometric 
Mean 

(Bois, 2000; Table 3)'' 
Mouse 
0.029* 
20.1 
21.8 

Rat 
0.28* 
16.8 
23.1 

Human 
72 

15.2 
16.1 

Fractional Blood Flows 
All rapidly perftised (QRC)' 
Gut (QGC) 
Liver (QLC) 
Tracheobronchial (QTBC) 
All other slowly perfused (QSC) 
Fat (QFC) 

— 
-
-
-
-
-

-
-
-
-
-
-

0.594* 
0.18 

0.021 
0.005 
0.247 
0.054 

0.594* 
0.14 

0.028 
0.018 
0.32 
0.08 

0.699* 
0.18 
0.05 
0.025 
0.21 
0.05 

Fractional Tissue Volumes 
All other rapidly perftised (VRC) 
Gut (VGC) 
Liver (VLC) 
Tracheobronchial (VTBC) 
Kidney (VKC)" 
All slowly perfused (VSC)' 
Fat (VFC) 

— 
, -
• -

-
-
-
-

— 
-
-
- • 

-
-
-

0.05 
0.04 
0.05 

0.0007 
0.017* 
0.638* 
0.063 

0.042 
0.03 
0.034 
0.001 

0.007* 
0.718* 

0.13 

0.048 
0.017 
0.026 

0.0007 
0.004* 
0.651* 

0.2 
Partition Coefficients 

Blood/Air (PB) 
Fat/Blood (PF) 
Gut/Blood (PG) 
Liver/Blood (PL) 
Tracheobronchial/Blood (PTB) 
Rich/Blood (PR) 
Slow/Blood (PS) 

Stomach to Liver (KAS) 
Duodenum to Liver (KAD) 
Stomach to Duodenum (KTSD) 
Fecal Excretion (KTD) 
TCE Vmax (VMC) 
TCE KM (KM) 
Fraction TCA (PO) 
TCOH Oxidation Vmax (VMOC) 
TCOH Oxidation KM (KMO) 
TCOH Reduction Vmax (VMRC) 
TCOH Reduction Km (KMR) 

-
-
-
-
— 
-

•-

/hr 
/hr 
/hr 
/hr 

mg/hr 
mg/L 

-

mg/hr 
mg/L 
mg^r 
mg/L 

-
• -

-
- , 
-
-
-
-
-

• -

-

BW^̂ " 
-
-

BW '̂̂  
-

BW^ '̂' 
-

16.4 
30.6 
1.71 
1.73 
1.82 
1.75 
0.76 
0* 

1.14 
17.3 
0* 

38.0 
0.47 
0.044 
1.41 
0.23 
0.91 
8.5 

20.1 
32.1 
1.29 
L32 
1.3 

1.31 
0.55 
0* . 

0.54 
11.6 
0* 

13.2 
0.21 
0.04 
0.08 
0.33 
0.11 
10.6 

13.7 
53.0 
6.23 
6.69 
6.75 
5.05 
2:7 
0* 
1* 

10* 
0* 

43.8 
0.54 
0.1 
16.9 
321 
6.82 
19.9 
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Appendix 2, Table A-1 (continued). 

Parameter 

TCOH Glucuron. Vmax (VMGC) 
TCOH Glucuron. KM (KMG) 
TCOG biliary excretion (KEHBC) 
TCOG reabsorption (KEHRC) 
TCOG urinary excretion (KUGC) 
TCA Reduction Vmax (VMTC) 
TCA Reduction Km (KMT) 
TCA urinary excretion (KUTC) 
DCA Reduction Vmax (VMDC) 
DCA Reduction Km (KMD) 
DCA urinary excretion (KUDC) 
DCVC production (KFC) 
DCVC activation (KBLC) 
DCVC clearance (KNATC) 
Chloral Vmax (VMTBC) 
Chloral Km (KMTB) 
Chloral clearance Vmax 
(VMCTBC) 
Chloral clearance Km (KMCTB) 
TCA Volume of Dist. (VDTCAC) 
DCA Volume of Dist. (VDDCAC) 
TCOH Volume of Dist. (VDBWC) 
Fraction of Clara cells in lung 
(FCLARA) 
^ Scaled model parameters are calcu 

Units 

mg/hr 
mg/L 

/hr 
/hr 
/hr 

mg/hr 
mg/L 

/hr 
mg/hr 
mg/L 

/hr 
/hr 
/hr 
/hr 

mg/hr 
mg/L 

mg/hr 

mg/L 
-
-
-

-

ated by 

Scaling^ 

BW "̂* 
-

BW-"^ 
BW-'"* 
BW-"" 
BW^ '̂' 

-

BW-"' 
BW "̂* 

-

BW-"' 
BW-"' 
BW-"' 
BW-"' 
BW^" 

-

BW^ '̂ 

-
-
- • 

-

-

muhiplying 

Population Posterior Geometric 
Mean 

(Bo s, 2000; Table 3)'' 
Mouse 

83.1 
21.1 
0.15 
0.024 
0.75 
0.1 

2.22 
0.074 

118 
1200 
0.044 
0.75 
0.4* 
0.5* 
1.99 
0.25 

250* 

250* 
0.26 
0.19 
0.55 

0.1* 

the parame 

Rat 
138 
16.9 
0.97 
0.03 
0.54 
0.18 
13.3 

0.052 
41.3 
1212 
0.05 
2.27 
17* 
1.1* 
0.3 
0.26 

250* 

250* 
0.3 
0.14 
0.9 

0.1* 

ter constant 

Human 
7.46 
11.5 
5.99 
0.59 
1.25 

0.009 
6.36 
0.023 
1730* 
1000* 
0.023* 

2.23 
37* 
19* 

0.0042 
1.54 

250* 

250* 
0.11 • 
0.3* 
0.97 

0.1* 

in the table b> 
the scaling factor for the species of interest (i.e., B W or B W" ). 

'' Parameter values marked with an * did not have posterior population mean estimates in Bois 
(2000, Table 3) and were obtained either from prior mean estimates for unadjusted 
parameters (Bois 2000, Table 2) or, if necessary, directly from Clewell et al. (2000) Table 1. 

^ Sum of fractional blood flows to liver, gut, tracheobronchial compartments and all other 
rapidly perfused tissues compartment. 

^ Kidney volume only used to calculate KTOX dose metric. 
^ Sum of fractional tissue volume of fat compartment and all other slowly perfused tissues 

compartment. 
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Appendix 2, Table A-2. Clewell et al. (2000) TCE PBPK Model Validation Test Data. 

Clewell et al. 
Table No. 

8 

( t 

(( 
i t . 

u 

(( 
(( 
(( 

u 

(( 
t t 

i i 

6 

(( 

l i 

tc 

8 

ct 

(C 

(( 
(( 
C( 

(( 

i i 

« 
(( 

9 
( 
( 
i 

i 

i 

i 

i 

Species 

mouse 

C( 

(( 
* i ' 

a . 

. a 

(( 
(( 
(( 

(( 
tc 

a 

mouse 
C( 

(( 

(( 

mouse 

(( 
(C 

(C 

t ( 

(( 

C( 

(( 
(( 
(( 

mouse 
i 

i 

i 

i 

i 

i 

t 

Exposure Scenario 

600 ppm inhalation, 6 hrs/day, 
5 days/wk, 104/104 wks 

(( 
(( 
(( 

600 ppm inhalation, 7 hrs/day, 
5 days/wk, 78/104 wks 

(( 
(( 
( t 

300 ppm inhalation, 6 hrs/day, 
5 days/wk, 104/104 wks 

(( 
a 

a 

450 ppm inhalation, 7 hrs/day, 
5 days/wk, 104/104 wks 

(( 
600 ppm inhalation, 7 hrs/day, 

5 days/wk, 78/104 wks 
(( 

1000 mg/kg gavage (100,000 
mg/kg/hr for 0.01 hr into 

stomach), 5 days/wk, 103 wks 
(( 
(( 
a 

n 

(( 
1739 mg/kg gavage (173,900 

mg/kg/hr for 0.01 hr into 
stomach), 5 days/wk, 78/90 wks 

(( 
C( 

(( 

1 ppm inhalation continuous 
(( 
(( 
CC 

CC 

CC 

CC 

t t 

Daily Dose Metric 
(AUC in LADD 

mg-hr/L) 
(peak in mg/L) 

peak TCA 

peak DCA 
AUC TCA 
AUC DCA 

peak TCA 

peak DCA 
AUC TCA 
AUC DCA 

peak TCA 

peak DCA 
AUC TCA 
AUC DCA 

peak CHL 

AUC CHL 

peak CHL 

AUC CHL 

peak TCA 

AUC TCA 
peak DCA 
AUC DCA 
peak CHL 
AUC CHL 

peak TCA 

AUC TCA 
peak DCA 
AUC DCA 

peak TCE 
AUC TCE 
peak TCA 
AUC TCA 
peak TCOH 
AUC TCOH 

KTOX 
total metabolism per 

kg liver 

Clewell 
Published 

Result 

157 

5.1 
1748 
24.0 

175 

5.1 
1488 
20.8 

123 

4.0 
1322 
17.3 

1.6 

7.9 

2.6 

9.4 

111 

1184 
5.0 
15.3 
3.4 
5.9 

126 

1184 
•5.0 
15.6 

0.028 
0.77 
6.9 
164 

0.013 
0.31 

0.0012 

89 

NYSDOH 
Model 
Result 

157 

5.1 
1749 
24.2 . 

174 

5.1 
1486 
20.9 

123 

4.0 
1318 
17.3 

1.6 

8.0 

2.6 

9.4 

111 

1190 
5.0 
15.4 
3.4 
5.9 

124 

1172 
5.0 
15.5 

0.027 
0.65 
6.7 
161 

0.013 
0.30 

0.0012 

91 
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Appendix 2, Table A-2 (continued). 

Clewell et al. 
Table No. 

9 
c< 

i t 

a 

CC 

C( 

i i 

a 

9 
a 

a 

a 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

C( 

C( 

<( 

8 

CC 

" 
CC 

7 

CC 

8 

CC 

CC 

CC 

6 
CC 

Species 

mouse 
CC 

CC 

CC 

(C 

CC 

CC 

CC 

rat 
CC 

' CC 

(C 

CC 

(( 
CC 

C( 

CC 

CC 

(C 

CC 

C( 

C( 

C( 

CC 

rat 

CC 

CC 

CC 

CC 

CC 

rat 

(C 

CC 

CC 

CC 

tc 

Exposure Scenario 

1 mg/kg/day in 
drinking water 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

1 ppm inhalation continuous 
CC 

C( 

- CC 

CC 

CC 

CC 

CC 

1 mg/kg/day in 
drinking water 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

1000 mg/kg gavage (100,000 
mg/kg/hr for 0.01 hr into 

stomach), 5 days/wk, 103 wks 
CC 

CC 

CC 

CC 

500 mg/kg gavage (50,000 
mg/kg/hr for 0.01 hr into 

stomach), 5 days/wk, 103 wks 
600 ppm inhalation, 7 hrs/day, 

5days/wk, 78/104 wks 
(( 
(( 
4( 

4( 

« 

Daily Dose Metric 
(AUC in LADD 

mg-hr/L) 
(peak in mg/L) 

peak TCE 

AUC TCE 
peak TCA 
AUC TCA 
peak TCOH 
AUC TCOH 

KTOX 
total metabolism per 

kg liver 
peak TCE 
AUC TCE 
peak TCA 
AUC TCA 

peak TCOH 
AUC TCOH 

KTOX 
total metabolism per 

kg liver 

peak TCE 

AUC TCE 
peak TCA 
AUC TCA 
peak TCOH 
AUC TCOH 

KTOX 
total metabolism per 

kg liver 

peak TCA 

AUC TCA 
peak DCA 
AUC DCA 

KTOX 

KTOX 

peak TCA 

peak DCA 
AUC TCA 
AUC DCA 
peak CHL 
AUC CHL 

Clewell 
Published 

Result 

0.00007 

0.0016 
1.36 

12.6 (?) 
0.0024 
0.057 

0.0002 

17,400* 

0.028 
0.80 
1.0 
24 

0.022 
0.52 

0.006 

79 

0.00048 

0.011 
0.38 
9.15 
0.008 
0.19 

0.002 

28,800* 

23 

331 
0.4 
3.5 
73.6 

32.0 

23 

0.4 
249 
2.6 
0.3 
2.8 

NYS DOH 
Model Result 

0.00007 

0.0017 
1.36 
32.6 

0.0025 
0.059 
0.0002 

17.5 

0.025 
0.60 
0.95 
23 

0.020 
0.49 
0.006 

74 

0.00046 

0.011 
0.38 
9.15 

0.008 
0.19 
0.002 

28.9 

23 

331 
0.4 
3.5 
74.4 

32.3 

23 

0.4 
248 
2.6 
0.3 
2.8 
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Appendix 2, Table A-2 (continued). 

Clewell et al. 
Table No. 

7 
CC 

CC 

8 

(C 

CC 

CC 

CC 

CC 

CC 

CC 

9 
C( 

8 
CC 

7 
9 
6 

9 

8 

CC 

CC 

CC 

6 
7 

9 
CC 

CC 

CC 

CC 

(C 

CC 

• u 

Species 

rat 

CC 

CC 

human 

CC 

CC 

CC 

CC 

CC 

" 
CC 

CC 

CC 

C( 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

(C 

(C 

CC 

CC 

C( 

CC 

CC 

CC 

CC 

(( 
CC 

CC 

Exposure Scenario 

CC 

300 ppm inhalation, 7 hrs/day, 
5 days/wk, 78/104 wks 

100 ppm inhalation, 7 hrs/day, 
5 days/wk, 78/104 wks 

100 ppm inhalation, 8 hrs/day, 
5 days/wk, 45/70 yrs 

CC 

CC 

CC 

C( 

CC 

1 ppm inhalation, continuous 
CC 

(C 

CC 

CC 

(C 

CC 

CC 

CC 

CC 

1 mg/L drinking water, 
continuous 

CC 

CC 

CC 

C( 

CC 

1 mg/kg/day drinking water, 
continuous 

CC 

CC 

CC 

CC 

CC 

CC 

CC 

Daily Dose Metric 
(AUC in LADD 

mg-hr/L) 
. (peak in mg/L) 

KTOX 

KTOX 

KTOX 

peak TCA 

AUC TCA 
peak DCA 
AUC DCA 
peak CHL 
AUC CHL 
peak TCA 
AUC TCA 
peak TCA 
AUC TCA 
peak DCA 
AUC DCA 

KTOX 
KTOX 

AUC CHL 
total metabolism per 

kg liver 

peak TCA 

AUCTCA 
peak DCA 
AUC DCA 
AUC CHL 

KTOX 

peak TCE 

AUC TCE 
peak TCA 
AUC TCA 

peak TCOH 
AUC TCOH 

KTOX 
total metabolism per 

kg liver 

Clewell 
Published 

Result 

19.6 

6.3 

0.23 

413 

5490 
0.03 
0.26 

0.003 
0.016 
13** 

303** 
9.7** 
230** 
0.001 
0.025 

0.008** 
0.006* • 

0.002 

16 

0.6 

14 
0.00005 
0.0011 
0.00002 
0.0004 

0.009 

0.19 
20.13 
483 

0.275 
.6.6 

0.013 

33,000* 

NYS DOH 
Model Result 

19.6 

6.3 

0.23 

356 

4720 
0.03 
0.24 
0.003 
0.017 

13 
300 
13 

300 
0.001 
0.024 
0.008 
0.008 
0.002 

18.9 

0.6 

14 
0.00005 
0.0011 
0.00002 
0.0004 

0.01 

0.24 
20.06 
481 

0.335 
8.0 

0.013 

31.3 

* Table footnote gives total metabolism units as mg/kg liver, but entry under continuous drinking water 
exposure includes units in parentheses as "per gram liver." 

** Same exposure scenarios in two different Clewell et al. (2000) tables have conflicting results for humans. 
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Appendix 2, Table A-3. Comparison of Internal TCA Dose Metric Distributions Predicted 
by Random Sampling of 1000 Equilibrium MCMC Simulations in 
Bois (2000) and TCA Dose Metric Point Estimates Predicted by 
NYS DOH Implementation of Clewell et al. (2000) Model Using 
Bois (2000) Mean Posterior Parameter Estimates. 

Simulated Exposure Scenario 

Daily AUC TCA 
(mg-hr/L) 

Bois (2000) Table 5 

Mean 95% CI 

NYS DOH 
Model 

Prediction* 

Peak TCA 
(mg/L) 

Bois (2000) Table 6 

Mean 95% CI 

NYS DOH 
Model 

Prediction 
Rat 
100 ppm, inhalation, 7 hrs/day, 
5 days/wk 
600 ppm, inhalation, 7 hrs/day, 
5 days/wk 
357 mg/kg/day gavage, once per day 
714 mg/kg/day gavage, once per day 
7.6 mg/kg/day continuous 
drinking water 
7.6 mg/kg/day drinking water 
consumed for 12 hrs/day '' 

110 

310 

290 
400 

17 

-

18-700 

48-1800 

48-1700 
66-2500 

2 .8-110 

-

131 

338 

309 
406 

21.9 

22.0 

10 

24 

18 
23 . 

0.8 

-

2 .1 -51 

4 .8-130 

4 .0-100 
4 .6 -130 

0.13-5.9 

-

11.5 

25.4 

19.2 
23.7 

1.0 

1.4 

Mouse 
100 ppm, inhalation, 7 hrs/day, 
5 days/wk 
600 ppm, inhalation, 7 hrs/day, 
5 days/wk 
538 mg/kg/day gavage, once per day 
714 mg/kg/day gavage, once per day 
7.6 mg/kg/day continuous 
drinking water 
7.6 mg/kg/day drinking water 
consumed for 12 hrs/day '' 

500 

1300 

990 
1100 

43 

-

120-1900 

370 - 5000 

230-3900 
250 - 4400 

4 .3-200 

-

475 

1341 

945 
1027 

60.3 

67.4 

62 

130 

81 
89 

1.8 

- . 

17-200 

4 1 - 4 1 0 

26 - 260 
29 - 290 

0.19-8.9 

-

59.7 

128.2 

75 
80 

2.6 

5.9 

Human 
1 ppm inhalation, continuous 
50 ppm, inhalation, 8 hrs/day, 
5 days/wk 
0.0286 mg/kg/day continuous 
drinking water 
0.0286 mg/kg/d drinking water 
consumed for 12 hrs/day *" 

° Rat and mouse daily AUC basec 

88 

1500 

4.2 

-

on daily ai 

13-500 

200-7600 

0 .73-17 

. - • 

/erage over en 

95.3 

1587 

5.1 

5.1 

tire 14-day sim 

3.9 

77 

0.18 

-

ulated exp( 

0 .54-23 

12-390 

0.03-0.8 

-

jsure. Human 

4.0 

74.2 

0.21 

0.22 

daily 
AUC based on linear portion toward the end of a 28-day simulated exposure. 

'' Drinking water exposure was simulated to give the daily dose rate with 12 hrs/day of drinking water 
exposure and 12 hrs/day of no exposure in drinking water. Method used in development of potential 
TCE criteria to simulate drinking water exposures in experimental animals. 
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Appendix 3. Final Report of Trichloroethene Panel. 

Letter to Nancy Kim from Henry Anderson 
Attachment A. Panel Composition 
Attachment B. Panel Charge 
Attachment C. Agenda 
Attachment D. Individual Responses 
Attachment E. Health Statistics Review 
BioeraDhicfli ir,f̂ -—•'• Biographical Infonnation 
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November 1,2005 

Nancy K. Kim, Ph.D. 
Director, Division of Environmental Health Assessment 
Center for Environmental Health 
New York State Department of Health 
Flanigan Square, 547 River Street 
Troy, NY 12180 

Dear Dr. Kim: 

The Trichloroethene Panel met on Monday, August 29* and Tuesday, August 30*, 2005 at the 
Desmond Hotel & Conference Center, 660 Albany-Shaker Road, Albany, New York to review 
and comment on the New York State Health Department's draft Trichloroethene (TCE) Air 
Criteria Document. The panel membership (including a brief biography of each member), the 
charge to the panel and the agenda are attached (Attachments A, B and C respectively). 

In its charge, the panel was asked to provide written responses to six questions on the TCE 
document and one panel member coordinated the response for each question. In addition, the 
panel also provided verbal comments on two questions asked about the August 23, 2005 New 
York State Health Department's Cancer and Birth Outcome Analysis, Endicott Area, Town of 
Union, Broome County, New York; those questions are also listed on the charge. 

The panel's written responses to the six questions in the charge are provided in this letter. The 
panel developed these comments at the meeting. Although Dr. Daston was unable to attend the 
meeting, he provided written comments on two questions and they were available at the meeting. 
(Dr. Fisher left Tuesday's meeting about 4 hours before it ended and I left about 1 hour before it 
ended.) After the meeting the panel was given copies ofthe written comments developed during 
the meeting and their initial draft responses. They were given the opportunity to revise their 
initial comments, given the discussion at the meeting. The final individual responses are in 
Attachment D. 

Although the panel did not develop written responses to the questions on the health statistics 
review, staff from the New York State Department of Health summarized the major points of the 
discussion and the panel was given the opportunity to review and comment on the summary. 
The written summary is in Attachment E. 
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The panel responses to the six charge questions are as follows: 

1. Does the discussion on animal and human central nervous system effects adequately 
justify development ofthe recommended criterion based on those effects? 

• The choice of critical studies is appropriate. 

Rasmussen et al. (1993) is the appropriate critical human study, and Arito et al. (1994) is the 
appropriate animal study to gauge the effects of TCE on the CNS. Rasmussen et al. is a good 
epidemiological study. Trichloroethanol and trichloroacetic acid (TCA) in blood and urine 
were used as biomarkers of TCE exposure, and neurological tests used as the response. The 
data show a clear dose-response effect. An LOEL of 50 mg/L (TCA in urine) was observed. 
Arito et al. used brain electrical measurements to measure wakefulness. The data clearly show 
a LOEL of 50 ppmv (TCE in air). Conversion of units by the DOH in the two studies into 
potential air criteria gives 40 (Rasmussen et al.) and 64 fj.g/m^ (Arito et al.). The close 
agreement between the human and animal studies increases confidence in the potential air 
criteria. 

• The uncertainty factor of 3 for extrapolation of LOEL to NOEL may be too low. 

The Arito et al. study gives an LOEL. In the draft study, the LOEL is divided by a factor of 3 
to account for the fact that a NOEL was hot found in this study. Some panel members thought 
a factor of 10 should have been used instead. The slope ofthe dose-response curve in Fig. 1 of 
Arito et al. is not steep, and extrapolation to an NOEL warrants the larger factor. Also, the 
factor of 3 is an estimate whose uncertainty might well encompass the more conservative 
factor of 10. In the justification for the factor of 3, three studies and a review are cited to give 
a range of factors of 1.5 to 5. However, the ratios depend on the selection of an endpoint. The 
endpoint ofthe critical Arito et al. study (wakefijlness) is not included in the cited work. One 
panel member thought that the use of a factor of 3 instead of 10 was justified, based on 

, professional judgment in addressing CNS toxicity of some other chemicals. 

• The potential air criterion for children should consider children ages 0-2 years 

The panel commends DOH for considering separately a potential air criterion for children. In 
light of possible effects of TCE on development, the panel recommends that DOH consider 
children from the ages 0-2 years, a time during which most CNS development in children 
occurs. Some additional factors to be considered are mass factors 3.5 kg /70 kg 
(newborn/adult), 12.4 kg/70 kg (2 yr old/adult), and ventilation factors (0.4 L/min /(0.15 
L/min) (newborn/adult). One way to express this is ventilation/mass. 

• The potential air criterion for children should be discussed separately from that of 
adults and include neuro-developmental effects. 

The draft document, in the section on CNS effects, calculates an equivalent child exposure 
value by multiplying by the appropriate mass and ventilation factors, resulting in 2.5-fold 
lower potential air criterion for children. This value is then treated just as another data point in 
the range of values presented in table 3.2 and not considered further in the draft study. 
Children are a susceptible population. Child-based PBPK models for other halogenated 
hydrocarbons indicate that neonates are 3- to 10-fold more susceptible to chemical toxicity via 
inhalation and oral routes than adults. The developing brain is more susceptible to toxins that 
adults. In considering childhood sensitivity, the addition of a factor to address lack of 
adequate data on the neurodevelopmental endpoints should be considered. There is EPA 
guidance on this issue. 
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• The draft study should address the difference between its calculation ofthe human 
equivalent LOEL from the Arito et al. study and ATSDR calculation from the same 
study. 

The time-weighted LOEL from the Arito et al. study is 64 mg TCE/m .̂ Uncertainty factors 
are then applied to this value to arrive at a potential air criterion of 64 îg/m .̂ ATSDR (1997, 
Appendix A), in performing the same calculation, multiply the LOEL by a mass factor (70 
kg)/(0.213 kg) (human/rat) and a ventilation factor (0.23 m-'/day)/(20 m /day) (rat/human) to 
convert LOEL from rats to human. These factors were not included in the DOH calculation. 
The difference between DOH and ASTDR calculations should be addressed. 

2. The data from Land et al. (1981) and DuTeaux et al. (2004) (inhalation and drinking 
water studies, respectively) are used to develop potential criteria for reproductive 
effects. Does the discussion adequately justify recommended criterion based on 
reproductive effects? 

• The Panel agrees that potential air criteria should be derived for the male reproductive 
endpoint. 

The DOH document provides a good, balanced discussion ofthe findings and limitations of 
human and animal TCE studies addressing reproductive endpoints. The Panel agrees with the 
statement that "There is some suggestive evidence from human studies that TCE inhalation 
exposure may be linked to reproductive effects in both women and men." With regard to the 
experimental evidence in animal studies, there is sufficient evidence that trichloroethylene causes 
reproductive toxicity, with the evidence being the strongest for male mediated effects. The Panel 
therefore agrees with the decision by DOH to derive potential air criteria for the male 
reproductive endpoint. 

• The National Toxicology Program (NTP) continuous breeding study should be 
considered as a basis for deriving a potential air criterion for the male reproductive 
toxicity endpoint. 

The decision by DOH to derive potential air criteria for the male reproductive endpoint should 
not preclude the use for this purpose ofthe dose response data from the National Toxicology 
Program's continuous breeding study in rats for endpoints where male and female mediated 
effects can not be distinguished. The Panel recommends that DOH consider deriving a potential 
criterion from this study. The Panel does note the study will have to be carefully evaluated 
because, although 75 mg/kg-d was discussed as a no observed effect level, upon closer 
examination this dose might be more appropriately characterized as an effect level. This issue 
loses importance if a benchmark dose approach is used in the derivation. 

• The Panel recommends comparing oral and inhalation studies on a mg/kg-bw basis. 

The dose response data for male reproductive toxicity from the various oral and inhalation 
animal studies are fairly consistent. Studies with fairly crude evaluation of endpoint (e.g., Land 
et al., 1981) or shorter duration show effects at relatively high dose levels. More sensitive 
studies generally show effects at lower levels. To aid in the comparison of effect levels across 
studies the Panel recommends the creation of a table providing observed effect and no effect 
doses in mg/kg-bw applied, with the length of exposure and effect seen noted. 
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• Studies with sensitive measures of reproductive toxicity should receive more weight 
than the Land et al. study in deriving potential air criteria. 

The data as whole on reproductive toxicity are consistent across studies and coherent with 
respect to different study types, and DOH should emphasize this in the discussion. This supports 
the consideration for potential air criteria derivation of studies with sensitive evaluation of 
endpoints that may have other limitations. For example, the relatively recent inhalation study by 
Kumar et al. (2000, 2001a) which entailed exposure for longer periods than most other studies 
(12 or 24 weeks), and with more intensive evaluation of endpoint, was excluded by DOH from 
the consideration because the study was conducted at one dose level. This also supports the use 
ofthe DuTeaux et al. (2004) study by DOH in derivation of a potential air criterion. It also 
would support giving the older, less sensitive, and less reliable Land et al. study less weight in 
the evaluation, and the Panel recommends this be done. 

• The use of TCA produced by existing PBPK models as a dose surrogate in the 
derivation of potential air criteria for male reproductive toxicity is a reasonable 
practical choice. 

A series of potential air criterion was calculated using PBPK dose metrics from a model that did 
not specifically include the testis as a compartment. In the model, oxidative metabolism of TCE 
to TCA, DCA and TCOH occurs ih the liver. There is a growing body of evidence that supports 
the notion that localized oxidative metabolism of TCE occurs in the testis, and that this gives rise 
to the male reproductive toxicity observed. (Metabolism of TCE in the testis may also occur for 
the glutathione pathway but this has not been studied.) Thus the use of dose metrics from a 
model that does not include testicular metabolism introduces error into the analysis. The 
magnitude and direction ofthe error is not known, although the Panel felt that the use of TCA as 
the dose surrogate may be biased toward overestimating dose because it has a relatively long 
half-life in humans compared to the rodent. The Panel therefore thought this to be a reasonable 
practical choice. Development of a PBPK model that would include a testicular compartment 
would be an experimental and computational research project, and beyond the scope ofthe DOH 
effort. 

• The document should include a discussion of human interindividual variation, 
particular due to TCE metabolism, to explain the use ofthe adjustment (uncertainty) 
factor for that purpose in deriving potential air criteria. 

An uncertainty factor of 10 is used to account for interindividual variability within humans. 
There is likely to be considerable variability in human response, due to TCE metabolism alone, 
for both formation of active metabolites and their detoxification. The Panel recommends a brief 
discussion ofthe degree of potential variability due to metabolic factors be included in the DOH 
document to support the use ofthe factor of 10. A further consideration is that the mechanism 
by which TCE causes testicular toxicity may be ongoing in causing effects in the general 
population, and other xenobiotic and endogenous exposures may be involved, thus raising the 
possibility of dose additivity and variable sensitivity. It would be reasonable for DOH to also 
discuss this issue in conveying the extent of potential variability in response as well as the extent 
to which the results may be conservative. 
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3. The Dawson et al. (1993) data are used together with other information provided by the 
study authors to develop potential criteria based on developmental effects. Does the 
discussion adequately justify the recommended criterion based on developmental 
effects? 

• Major points 

The major issues discussed by the panel in the area of developmental toxicity were the choice of 
critical study and the vulnerability during early development. 

Questions addressed by the panel were: 

1. Is there too much emphasis on congenital heart defects (CHD) studies and insufficient 
emphasis on other endpoints? 

2. Is developmental neurotoxicity evaluated in sufficient detail? 
3. Are fetus, infants, and children as a vulnerable life stages evaluated adequately and 

considered in uncertainty factors? 

• Comments on Animal Studies 

1. The Dawson et al drinking water studies indicated the presence of CHDs. There is 
considerable uncertainty in dose-response because there are three orders of magnitude 
between in the NOEL and LOEL dose levels. A second study (Fisher et al.) where TCE was 
administered by gavage, done in collaboration with the Dawson group found no evidence for 
CHD. A high level of CHD in control animals was found in this study suggesting a high 
tendency for false positives with the methods used. While the panel had concerns about the 
conflicting studies, there are other data suggesting some potential for T C E to cause CHD: 
chick embryo studies, the ability TCE metabolites to cause CHD. The ability of TCA to 
cause cardiac effects should be discussed in the context of how much this metabolite would 
be formed after TCE administration 

2. Another conflicting data set was seen with litter resorption as an endpoint. The Healy et al 
study used a dose level of 1 OOppm via the inhalation route and found an increase in the 
number of litters totally resorbed. In this study 2 animals died due to TCE overdose when the 
air supply malfunctioned, decreasing the confidence in the utility of this study. In contrast, an 
inhalation study conducted by Dow Chemical Company reported a potential increase in 
fetotoxicity at both 150 ppm and 600 ppm but the effect was not statistically significant and 
high levels of fetal resorption were evident in controls, again decreasing the confidence in the 
utility of this study. 

3. For the calculation of air quality criteria for developmental effects the panel recommended 
use ofthe NTP Continuous Breeding study where TCE was administered in the diet. The 
LOEL in this study was 150 mg/kg/day for reproductive effects, but effects in the FI 
generation were seen at the 75 mg/kg/day dose level and this is suggested as a LOEL for 
development. The difficulties inherent in a breeding study where both males and females are 
exposed are recognized. However, the dam can be modeled as a single unit and the 
possibilities of male mediated effects acknowledged. 
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4. In the brain demyelination study by Isaacson and Taylor, TCE was administered in drinking 
water during prebreeding, gestation, and lactation. This was viewed as an important study 
documenting the potential for TCE to cause neurodevelopmental toxicity. This study 
recognizes the importance ofthe inclusion of additional uncertainty factors for early 
development exposures. 

• Recommendations 

1. Scale appropriately for children (see CNS section) 

2. In addition to the CHD derived criteria, it is recommended that the NTP continuous breeding 
study and neurological effects in offspring, fetal and early childhood exposures and 
uncertainty factors be used in the derivation of air quality criteria for developmental toxicity 

4. Potential criteria based on carcinogenic effects are derived from several studies in rats 
and mice using default and PBPK-based low-dose and cross-species extrapolations. 
Have the selection of studies, the application of extrapolation procedures (low-dose, 
cross-species) and the weight given the difTerent risk estimates (liver, lung, kidney, 
lymphoma, testes) in the identification of recommended criteria based on carcinogenic 
effects been adequately justified? 

The Peer Review Panel members were impressed with the quality ofthe TCE cancer sections. In 
general, the document is focused, clearly written and it did an excellent job in identifying and 
critiquing key studies. Applications of PBPK models, dose-response methodologies and the use 
of uncertainty factors were appropriate and based on mechanistic information when available. 
The importance of both oxidative and conjugative pathways were discussed in an organized and 
concise manner. However, panel members raised several issues for consideration or further 
emphasis by the New York State Department of Health (NYSDOH) and these are summarized in 
the following bullets: 

• The fact that TCE is a multi-species and multi-site carcinogen with a combination of 
both malignant and benign tumors should be further emphasized in the document 
because these data coupled with the human data have led several authoritative bodies 
(EPA, NTP, «& lARC) to the conclusion that TCE is on the cusp between a known and 
probable (likely, reasonably anticipated to be) human carcinogen. Thus, the 
NYSDOH should have flexibility in using risk levels of both I in 10'̂  and 1 in IQ-̂ . 

• One review detailed evidence in support of peroxisome proliferation as a MOA for 
mouse liver tumors and should be accorded less weight in the criteria document. 
Other panel members felt that the peroxisome proliferation evidence was suggestive 
but not sufficiently strong to rule out mouse liver tumors as an important data set in 
risk assessment because of knowledge gaps in the proposed mechanism and reports in 
the scientific literature that TCE exposure is associated with increased liver tumors in 
humans. 

• Some panel members commented that NYSDOH should consider elevating the mouse 
lymphoma data to Tier 1 status. They noted that the data did not permit rejection of a 
positive dose response and that epidemiological studies have reported an association 
between NHL and TCE exposure. Evidence for this Contention was detailed in one 
review and included reasons why meta analyses can mask important findings. 
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• 

Another panel member questioned the consistency ofthe association between TCE 
exposure and the incidence of NHL. In any event, the peer review panel agreed that 
site concordance between animal and human studies should not be a requirement for 
using animal studies in cancer risk assessments. 

Several panel members recommended that the NYSDOH organize the cancer tables 
according to tumor site in addition to organizing them by study. 

Panel members agreed that the NYSDOH had used PBPK models in an appropriate 
way for cross-species comparisons and dose response assessment. It is clear that 
humans metabolize TCE in a similar way as experimental animals. The panel also 
emphasized that while TCE metabolism is important to carcinogenesis, mechanistic 
information is limited and it is likely that different mechanisms are operative at 
different cancer sites. Panel members also recommended that the NYSDOH examine 
other data and models (in addition to Clewell) for deriving model parameters. This 
would help to describe the range of interindividual variations in metabolite formation 
and tumor responses. Interindividual variation is not considered in the linear portion 
ofthe analysis. 

The panel noted that non-linear extrapolation procedures, when used, did not include 
uncertainty factors for pharmacodynamics. 

Panel members commented that the NYSDOH did an excellent job in using 
benchmark dose procedures to establish the POD and for presenting results from both 
linear and non-linear extrapolation procedures. It was noted that available evidence is 
inadequate to justify using non-linear results in deriving the air criterion for cancer 
effects. 

The panel noted that kidney tumor data reported in human studies are exceptionally 
strong and that the evidence supports a genotoxic mechanism. Renal cell carcinomas 
from workers highly-exposed to TCE frequently contain a mutated tumor suppressor 
gene (VHL). This mutation was not present in the germline of diseased individuals 
nor in renal cell carcinomas from individuals not highly exposed to TCE. Also, a 
metabolite formed by the glutathione dependent pathway is mutagenic and it has been 
implicated in the formation of kidney tumors. These findings, taken together, provide 
strong evidence in support of linear dose response for kidney tumors. This supports 
consideration of a factor to account for early-in-life exposure following the EPA 
guideline (2005). These issues should be discussed further in the document. 

The NYSDOH should consider doing simulations with mixed mechanism 
assumptions (both linear and non-linear) as both mechanisms are likely involved in 
some tumor responses. 
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The findings of increased risk for cancer in the Hansen, et al. (2001) study are used to 
check the plausibilify of recommended carcinogenic criteria based oh animal studies; 
earlier epidemiologic studies are not used to estimate risk. The human data are not 
used further in quantifying carcinogenic risks, although they are used in weight of 
evidence considerations. Is this decision adequately justified? 

• The NYSDOH review does a good job of summarizing the exisfing epidemiology in a 
systematic and concise manner and fairly describes the strengths and weaknesses of 
the studies. 

• The rationale to utilize the human epidemiologic studies for weight of evidence 
support for the animal carcinogenicity studies rather than as the primary for the 
quantitative cancer risk assessment is appropriate. The weaknesses ofthe exposure 
estimates and potential confounding exposures support this decision. However, the 
DOH may want to consider the human studies to a greater extent when weighting the 
cancer evidence to establish a guideline. 

• Because the analyses are being used to support a TCE inhalation guideline, it is most 
appropriate to utilize the human epidemiologic studies which evaluate TCE inhalation 
exposures. The Hansen et al (2001) study meets all the NYSDOH selection 
pararneters and is a strong and appropriate choice. However, the Raaschou-Nielsen et 
al (2003) study and references therein have desirable attributes (large population and 
more exposure characterization) and including a more detailed analysis of this study 
along with Hansen would add perspective and would better reflect the richness in the 
many epidemiologic studies. 

• Liver, kidney and non-Hodgkin's lymphoma are among the most consistent human 
cancer data and it would be beneficial to have a table summarizing the data from the 
various studies. 

• 

• 

Cancer risks are evaluated individually but the human experience is cumulative of all 
the risks. This should be mentioned and supports the need for a cautious approach to 
choosing the guideline. 

While concordance between animal and human sites is informative and useful, it 
should not be a limiting requirement for consideration of a cancer endpoint. 

6. Is the summary transparent and does it adequately justify the guideline of 5 mcg/m'̂ ? 

• The use of scientific expert judgement in the evaluation and synthesis of scientific 
data is appropriate for establishing air guidelines. The basis for the determination of 
the final guideline of 5 p.g/m'̂  is not sufficiently clear and transparent. Show how you 
synthesize the data for a final decision regarding the recommended guideline value. 
The draft dociiment should state clearly how these numbers were weighted and what 
justification was used in the final determination. 

• Some panel members suggested that additional consideration be given to lowering the 
guideline value. 
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• Move the discussion of appendix A to the text and include in the discussion the 
differences between the DOH and EPA selection and use of studies for the 
development of an air guideline. 

• Include aggregate and cumulative risks in the discussion. Include chemicals 
commonly found with TCE (ATSDR, EPA). Re-evaluate background levels of TCE 
in air. State how you will address exposure to chemical mixtures in evaluating risk. 

• Childhood and in utero susceptibility needs to be explicitly addressed. Identify data 
gaps or strengths. DOH should consider using an UF of 3-10 to account for potential 
infant and childhood sensitivity in deriving potential air criteria based on both cancer 
and non-cancer endpoints. 

We hope the New York State Department of Health finds these comments and suggestions 
useful. We look forward to the final ization ofthe TCE Air Criteria Document. 

Sincerely, 

Henry Anderson, M.D. 
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Attachment A 

Panel Composition 

Members ofthe panel were nominated by business/industry organizations, public health 
organizations, other governmental agencies, and citizens groups. The twelve member panel 
selected represents a balance between the nominations. Attached is a list of participating panel 
members. 

List of TCE Review Panel Members 

Reviewer 

Henry Anderson 
Panel Chair 

J. Christopher Corton 

George Daston 

James Dix 

Jeffrey Fisher 

Peter Infante 

Michael Kelsh 

Nathan Graber 
(for Philip Landrigan) 

George Lucier 

Marion Miller 

Daniel Wartenberg 

Lauren Zeise 

Affiliation 

Wisconsin Division of Public Health 

Toxicogenomics Program 
US Environmental Protection Agency 

Miami Valley Laboratories 
Procter and Gamble Company 

Department of Chemistry 
State University of New York at Binghamton 

Department of Environmental Health Science 
University of Georgia 

School of Public Health 
George Washington University-

Exponent 

Center for Children's Health and the Environment 
Mount Sinai School of Medicine 

National Institute of Environmental Health Sciences 

Department of Environmental Toxicology 
University of Califomia at Davis 

Division of Environmental Epidemiology 
Robert Wood Johnson Medical School 

Office of Environmental Health Hazard Assessment 
California Environmental Protection Agency 

Dr. George Daston was unable to attend the panel meeting in Albany, NY. His comments were 
submitted separately and included with other individual comments. 

A biography of each panel member is included. 
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Attachment B 

Trichloroethene Peer Review Panel 

CHARGE 

The panel is being asked to review and comment on NYS Department of Health's 
Trichloroethene (TCE) Air Criteria Document. Any comments are welcome. We are 
particularly interested In receiving comments on the following areas: 

• the adequacy of the analysis and conclusions of the risk assessment; 
• the selection of principal studies, critical endpoints, uncertainty factors for non

carcinogenic and carcinogenic effects, and methods for calculating risk, both non
carcinogenic and carcinogenic; 

• dose-response and physiologically-based pharmacokinetic (PBPK) modeling and 
• critical information that is not discussed. 

We are asking for written responses to the following questions. 

Specific Questions 

1. Does the discussion on animal and human central nervous system effects 
adequately justify development of the recommended criterion based on those 
effects? (Anderson, Corton, Dix*, Kelsh) 

The data from Land et al. (1981) and DuTeaux et al. (2004) (inhalation and drinking 
water studies, respectively) are used to develop potential criteria for reproductive 
effects. Does the discussion adequately justify recommended criterion based on 
reproductive effects? (Daston, Graber, Miller, Zeise*) 

3. The Dawson et al. (1993) data are used together with other information provided by 
the study authors to develop potential criteria based on developmental effects. . 
Does the discussion adequately justify the recommended criterion based on 
developmental effects? (Daston, Infante*, Miller, Zeise) 

4. Potential criteria based on carcinogenic effects are derived from several studies in 
rats and mice using default and PBPK-based low-dose and cross-species 
extrapolations. Have the selection of studies, the application of extrapolation 
procedures (low-dose, cross-species) and the weight given the different risk 
estimates (liver, lung, kidney, lymphoma, testes) in the identification of 
recommended criteria based on carcinogenic effects been adequately justified? 
(Corton, Fisher, Lucier*, Wartenberg) 
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The findings of increased risk for cancer in the Hansen, et al. (2001) study are 
used to check the plausibility of recommended carcinogenic criteria based'on 
animal studies; earlier epidemiologic studies are not used to estimate risk. The 
human data are not used further In quantifying carcinogenic risks, although they 
are used in weight of evidence considerations. Is this decision adequately 
justified? (Anderson*, Infante, Kelsh, Wartenberg) 

6. Is the summary transparent and does it adequately justify the guideline of 5 
mcg/m^? (Dix, Fisher*, Graber, Lucier) 

Lead for Coordinating Responses 
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Attachment C 

TRICHLOROETHENE PANEL MEETING AGENDA 
The Desmond Hotel & Conference Center 

August 29-30, 2005 

Dav One 

8:30 - 9:00 Coffee/Continental Breakfast -

9:00 - 9 : 1 5 Introduction, Charge, Disclosure Nancy Kim 

9:15 - 9 : 3 0 Non-Cancer Endpoints - Overview DOH Staff 

9:30 -10:30 Discussion of Central Nervous System Effects 
10:30-10:45 Break 

10:45 - 12:00 Discussion of Male Reproductive Effects 

12:00- 1:00 Lunch 

1:00 - 2:30 Discussion of Developmental Effects 

2:30 - 2:45 Break 

2:45 - 3:00 Cancer Endpoints - Overview DOH Staff 

3:00 - 4:30 Discussion of Cancer Endpoints 

4:30 - 5:00 Public Comment Period 

Dav Two 

8:00 - 8:30 Continental Breakfast 

8:30 - 8:45 Overview of Criteria DOH Staff 

8:45-10:30 Discussion of Criteria 

10:30-10:45 Break 

10:45 -12:15 Review Draft Responses to Questions 

12:15- 1:30 Lunch, Revise Responses 

1:30 - 2:30 Other Comments 

2:30 - 3:00 Next Steps, Adjourn Nancy Kim 
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Attachment D 

TRICHLOROETHENE PEER REVIEW PANEL 
INDIVIDUAL RESPONSE TO QUESTIONS 

General 

Reviewer 

The Air Criteria Document does a good job of reviewing the available scientific 
published literature in an organized and systematic fashion. At times the use the term 
criteria or criterion it is a bit confusing. It is used to represent the endpoint ofthe 
process (as in the Air Criteria) or the end guideline used to characterize a health 
endpoint, rather than the means used to assess a study or to describe the process 
applied during the evaluation of studies. While the studies chosen as the key study for 
each endpoint appear reasonable, it is not fully transparent as to what "criteria" were 
applied by NYSDOH to determine the quality of studies and determine which were the 
strongest. While it is usually mentioned that the Air Criterion was usually chosen from 
the most protective end of the calculated ranges of NOELs or LOELs, it was not clear 
where the quality of the study was factored in or how. If the lower end of the range of 
"equal quality studies" was a "criteria" then that should be stated. In other words it would 
be helpful in the introduction to describe how the many available studies were 
evaluated, what was looked for and how they were determined to be valid etc. Each 
study is nicely summarized, but the standard quality ofthe science should be 
mentioned. 

One small thing, it would be useful to the out-of-state reader to have the introduction 
describe the statutory authority etc under which the criteria is developed as well as how 
the document and the chapters are organized. Some brief discussion ofthe earlier 2003 
Air Criteria would be helpful as background. Does this document follow the process 
used in 2003 with newer studies and the PBPK and MOE advances added in? Or is 
this the end of a process that began with the 2003 recommended guideline? 

It becomes apparent as the document is read that each section begins with a discussion 
of the human data, then animal data then the potential Air Criteria including a discussion 
of the critical study and mode of action if appropriate. It is a good logical format, but it 
would help if the introduction set the stage a bit better. 

It would also be helpful if in the introduction were a brief discussion of how children's 
issues are addressed. The adjustment for weight and surface area etc used is fine, but 
there is no discussion if children are more susceptible to some of the health effects than 
others and if the intra-species uncertainty factor is being used to account for such 
vulnerability. 

Reviewer 

While I applaud the use of benchmark methodology, there was not sufficient information 
in the criteria document for me to determine whether the method was being 
appropriately used. Many ofthe endpoints being modeled are continuous variables, for 
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which there are a number of possible choices of a 10% or 5% effect level. The choices 
made, and the rationales, need to be given. One choice that is not acceptable is to 
simply choose a 10% increase (or decrease) in a continuous variable, as this may have 
no relevance. For example, a 10% increase in blood urea nitrogen over control (say, 
from a value of 20 to 22) would not be statistically or biologically significant. The right 
choice should consider the variability ofthe measurement (e.g., 0.5 SD, 1 SEM) or 
should be a value at or above a criterion value for abnormal (e.g., outside the range 
identified by clinical chemists as normal, for the BUN example). 
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Does the discussion on animal and human central nervous system effects 
adequately justify development ofthe recommended criterion based on those 
effects? 

Reviewer 

There is no question that CNS effects are important in understanding TCE toxicity and 
that there is considerable literature describing such effects in humans as well as 
different laboratory animal species. The issue is more one of how to measure the effect 
and the exposures that cause them and through what mechanism. There is no clear 
common NOEL. But there is ample information upon which to base the development of 
a reliable CNS criterion. The LOELs identified are appropriately based on the data in 
each of the studies. While I would agree that the Rasmussen et al (1993) study is the 
strongest human study of neurological effects, I am not sure I made my decision based 
upon the same criteria as NYSDOH. It would be helpful if the NYSDOH would indicate 
why they felt it was the strongest study. What "criteria" were used to make that 
assessment? The cancer section does a good job of describing how the studies were 
evaluated and used a published set of assessment parameters. Was the CNS a 
quantitative process or qualitative? Such a discussion would help with transparency of 
the decision making process. Were the Briving et al (1986) animal study and the Arito 
et al. (1994) considered equally robust? Mention is made that Arito was chosen 
because it had the lower adjusted LOEL. The quality of the studies ought to have 
entered in as well. 

The discussion of the derivation and use of uncertainty factors was clear and gave a 
concise rationale for each. The mode ofaction and dose metrics discussion was clear. 
The listing of the uncertainties / limitation's / strengths Is mostly uncertainties and 
limitations. It would be useful to also mention the strengths of the studies chosen and 
the concordance ofthe data. Compared to what is often available for risk assessment 
there is a wealth of information on TCE and that should be stressed. 

Reviewer 

The selection ofthe critical studies appears to be appropriate. The Arito et al. study 
describes the effects of TCE inhalation on a number of parameters that are arguably 
associated with ens effects. The most important endpoint which significantly impacts 
the risk assessment is wakefulness which could be determined by a number of factors. 
However, the use of this endpoint is strengthened by the fact that humans exposed to 
TCE expenence drowsiness as stated in the document. 

The main concern in this section is the departure from an uncertainty factor of 10 for the 
extrapolation of LOEL to NOEL. There is inadequate information to support this factor 
based on the studies cited in the text and the Arito study itself Although Storm and 
Rozman (1998) reviewed a number of studies in animals and humans and found that 
the ratio ranges from 1.5 to 5, these ratios are highly dependent on the selection of the 
endpoint as well as the doses in the study. There is no indication from this analysis that 
the primary endpoint that is used in the risk assessment (i.e., decreased wakefulness) is 
included in the endpoints evaluated. Importantly, in the primary data presented in the 
Arito et al. study, there is little indication that there is a trend toward decreasing 
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responsiveness at the lowest exposure of 50 ppm. In fact, all of the exposures appear 
to induce the response to the same extent and have the same p value of 0.01. Thus, 
there does not appear that there is an indication that at 3-fold less exposure levels the 
response will be nonsignificant. It should be noted that the use of an uncertainty factor 
of 10 in place of 3 will not change the recommended TCE guideline of 5mcg/m3. 

The selection of the other uncertainty factors appears to be justified. 

Reviewer 

It is clear that TCE affects the central nervous system; the unknown is the 
concentration below which there is no effect. The NYS DOH draft report sets this 
concentration at 40 ^g/m^. 

The critical animal study selected for CNS toxicity is Arito et al. (1994). Of the animal 
studies cited in Table 3-1 of the NYS DOH draft document, Arito is the appropriate 
critical study based on the study method (direct brain electrical measurements) and 
design. This study was also used by ATSDR (1997) in setting a minimal risk level of 0.1 
mg/kg da, cited by the EPA (2001) as supporting their TCE RfC, and used by Barton 
and Clewell (2000) in their discussion of risk assessment. Effects on CNS in rats were 
found at a lowest concentration of 50 ppmv (269 mg TCE/m^). 

Ofthe human studies, Rasmussen et al (1993) is the critical study. Unfortunately, the 
Rasmussen study is not precise enough to be used in setting a quantitative LOEL or 
NOEL, and the draft study is correct in relegating this study to the status of supporting 
documentation. 

The conversion from 269 mg TCE/m^ to an equivalent exposure in humans seems to 
be missing a correction factor for the differing body masses and lung capacities of 
humans and rats. It is not clear why this factor has been omitted; it was included in the 
ATSDR calculation. Using the factors (70 kg human)/(0.2 kg rat) and (0.2 m^ rat/da)/(20 
m^ human/da) increases the human equivalent LOEL by a factor of 3.5. 

The NYS DOH is to be commended for extending the TCE air criterion to potentially 
susceptible populations such as children. However, the lower guideline for children was 
not put in the Executive Summary. How does DOH intend to use the lower guideline for 
children? Since much ofthe inhalation exposure is via vapor intrusion into homes that 
are likely to house children, it appears that the children guideline would be the 
appropriate one to promulgate. Also, the Executive Summary states that "These criteria 
range from 40 to 519 micrograms per cubic meter of air," referring to the study of Arito 
et al. This appears to be misleading, since the Arito et al. study leads to criteria of 64 
(adult) or 26 (child) ^g/m^ (adult). The Executive Summary should clearly state those 
criteria. 

The mode of action of TCE on the CNS is not known, but the draft report makes a 
good case for the involvement of TCOH. 

Four uncertainty factors are used. The interspecies factor of 3, intraspecies factor of 
10, and sub-chronic to chronic factor of 10 are standard and well justified. The lowering 
ofthe standard uncertainty factor for LOEL/NOEL from 10 to 3 is not clear. The 
argument made in the draft report is that in three studies and a review, there is evidence 
that the TCE NOEL is more than 1/10 the LOEL, and therefore a factor of 3 "should be 
sufficient" If there really is a TCE NOEL, then why not use the NOEL instead ofthe 
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LOEL from Arito et al.? Also, the measurement device used for the effect might be not 
sensitive (anesthetic properties in one case, neurobehavioral tests in another, 
discrimination task performance in another) to pick up an effect. All told, the reduction of 
10 to 3 for the LOEL/NOEL is not well justified. 
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The data from Land et al. (1981) and DuTeaux et al. (2004) (inhalation and 
drinking water studies, respectively) are used to develop potential criteria for 
reproductive effects. Does the discussion adequately justify recommended 
criterion based on reproductive effects? 

Reviewer 

Neither the Land nor the DuTeaux paper should be used as the critical study for 
establishing a criterion for reproductive effects. DuTeaux et al., although a very nicely 
executed investigative toxicology study, used too few animals for the study to be used 
as support for a risk assessment. Only 3 animals per group were used in the study; in 
some instances, samples could only be analyzed for two of the three animals per group 
(e.g., sperm motility, sperm concentration). Furthermore, the animals in each group 
were not well matched in weight: the mean starting weight in the 0.4% TCE group was 
10% higher than the mean starting weight of the controls. While this difference was not 
statistically significant, the lack of significance is attributable to the lack of statistical 
power for such a small sample size. Had the study involved 10 rats per group, the 
difference in starting weights would have been significant Given the pharmacokinetic 
behavior of TCE, this difference in body weights among the experimental groups is not 
trivial, as it is likely to be accompanied by differences in body fat percent. 

The real value ofthe DuTeaux study is that it indicates a possible target site for TCE 
toxicity, the efferent ductules. It also provides a possible explanation for why this is a 
target, and why sperm quality may be affected in the absence of measurable effects on 
sperm production. As such, it is an important supporting study, but should not be used 
as the support for a criterion value. 

The Land et al. study appears to be more useful for risk assessment, but has some 
limitations that make it a less-than-optimal choice as the critical study. (Note: I was only 
able to obtain an abstract from PubMed, and could not view a copy ofthe entire paper.) 
The dosing regimen was limited (five days of exposure), which has necessitated the use 
of an additional uncertainty factor. Only two dose levels, an order of magnitude apart, 
were used, making it difficult to determine dose-response characteristics. I did not find 
any information about the number of animals used per group, but given that the study 
was a survey of the toxicity of eight compounds, it is likely that the number was small. 
Finally, in 1981 the science of assessing rodent sperm morphology was in its infancy; it 
is possible that some of the morphological changes reported are now being interpreted 
as variations, not abnormalities. 

1 recommend that the NTP continuous breeding study be used as the critical study for 
risk assessment. It used multiple dose levels, a protocol with good sensitivity and 
statistical power, and evaluated endpoints that are directly relevant for assessing 
reproductive function and outcome. The study has been reviewed by experts within and 
outside NTP, who concur on a NOAEL, 75 mg/kg/day. This would translate into an 
atmospheric concentration in the 250 ug/m3 range, not inconsistent with the points of 
departure derived from the DuTeaux and Land studies, but much more scientifically 
supportable. Fewer uncertainty factors, and of lesser magnitude, need to be applied to 
this point of departure. There is no need for a LOAEL-to-NOAEL conversion; the lOx 
factor to account for chronic exposure can either be reduced or eliminated. 
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3. The Dawson et al. (1993 data) are used together with other information 
provided by the study authors to develop potential criteria based on 
developmental effects. Does the discussion adequately justify the 
recommended criterion based on developmental effects? 

Reviewer 

I do not agree that the Dawson paper should be used as the critical paper for 
developmental effects. No other investigators have reported similar effects from TCE. 
This includes a study by Fisher et al. (2001) that replicated the examination methods 
used by Dawson and Johnson. The database also includes a number of studies that 
were more statistically robust than the Dawson/Johnson studies, and which conform to 
internationally accepted regulatory-guidelines for developmental toxicity studies. 

The arguments put forth in the criteria document to accept the Dawson results over the 
Fisher results (page 85, second paragraph) are not convincing. The document 
suggests that the high background rate of malformations in the controls in Fisher's study 
may have diminished the ability to detect a TCE-induced increase. It seems more likely 
to me that the high background rate is an indication that the observation method being 
used is hypersensitive, and that trivial changes are being recorded as abnormalities 
. In fact, one could interpret the results ofthe Johnson et al (2003) study as supporting 
this notion that the assessment technique produces a lot of false positives, in that there 
is essentially no slope to the dose-response curve over four orders of magnitude (0.25 
ppm-1100 ppm). (It should also be noted that the dose-response study had no 
concurrent controls; therefore, it is impossible to know whether the values in the treated 
groups are elevated.) 

The document also argues that Sprague Dawley rats sourced from Charles River may 
have responded differently than Harlan-sourced SD rats. I think this is unlikely, 
although not impossible. However, given that none of the other well-conducted studies 
over the years have reported similar effects, despite the fact that different strains and 
suppliers were probably used and that genetic drift has occurred, makes me think the 
possibility is small. The document also suggests that gavage dosing (Fisher) would 
have produced different results from drinking water. I find this unlikely, as the gavage 
dosing would have resulted in a higher peak concentration. The argument that 
exposures on gestation days 6-18 may have been less effective than dosing throughout 
pregnancy is also not credible, in that the kinetics of TCE are such that this should not 
make a difference in systemic load, and because the critical period for heart 
development in the rat embryo begins on gestation day 8 or 9. 

In sum, the collection of papers from the Dawson/Johnson lab appear to be the outliers 
in a data set that is robust. The rest of the data set indicates that developmental toxicity 
is observed only when maternal toxicity is marked. No other studies report cardiac 
malformations. 

The criteria document discusses the possibility that the fetal cardiac evaluation method 
used in most developmental toxicity studies is not sensitive enough to detect cardiac 
malformations. This is not the case. There are numerous reports in the literature in 
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which cardiac teratogens have been detected using the methods employed in guideline 
studies. The historical database on background malformation rates kept by the Middle 
Atlantic Reproduction and Teratology Assoc. (MARTA), lists cardiac and great vessel 
malformations, all of which were detected using the traditional dissection methods. I 
also spoke with Ed Carney, who was cited in the criteria document and who was 
involved in the TCE developmental toxicity study conducted at Dow Chemical. Dr. 
Carney indicated to me that he had seen the Dawson/Johnson method of evaluation 
demonstrated to him (by the scientists at Wright-Patterson AFB who tried to replicate 
the Dawson study) and that in his opinion the only feature of cardiac anatomy that could 
be visualized better by that method was the movement of the valves. It was his opinion 
that septal defects would be detected by the traditional methods of fetal soft tissue 
evaluation. 

My recommendation is that the Dow inhalation study is the optimal choice to serve as 
the critical study for risk assessment. It is conducted according to internationally 
accepted guidelines, by a lab working under GLP conditions. The criteria document 
indicates that the results are consistent with other results from the literature. 
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4. Potential criteria based on carcinogenic effects are derived from several 
studies in rats and mice using default and PBPK-based low-dose and cross-
species extrapolations. Have the selection of studies, the application of 
extrapolation procedures (low-dose, cross-species) and the weight given the 
different risk estimates (liver, lung, kidney, lymphoma, testes) in the 
identification of recommended criteria based on carcinogenic effects been 
adequately justified? 

Reviewer 

PBPK modeling and cancer risk estimates for liver, lung, kidney, lymphoma, and testes. 
You arrived at the place you need to be with the type of cancers, but the text is worded 
such that it overstates what is really known. A good rationale is needed for use of linear 
dose model for liver cancer using TCA as the dosimetric (epigenetic vs. genetic). 

PBPK modeling: I am enthused to see the use of the models for estimating dosimetry 
for use in risk assessment. Congratulations! Since I have spent 15 years conducting 
TCE/metabolite experiments to support model development and validation in laboratory 
animals and humans 1 could write pages on the topic. I will make a few conceptual 
comments to strengthen the scientific basis for use of the PBPK models in this process. 

You should know....the US EPA states that a bias exists in the use ofthe models 
because all the models are developed based on the work of me and my colleagues with 
some extensions ofthe models provided by others, such as Clewell and Simon. This 
should still be on their web site. ...A sore spot for me. 

Perhaps, the most perplexing issue about TCE is that the MOA or mechanisms of action 
are not well established despite years of research. This raises concerns about 
assuming equivalent risk (eg., dosimetry models are conservative for cancer) when 
extrapolating internal dose from lab animals to humans. Also the selection of 
dosimetrics can be important and questioned relative to the proposed MOA. This could 
be the case for some of your endpoints other than liver. 

In laboratory animals (mice) the best documented target organ is the liver. Studies have 
been carried out with TCE and several metabolites (chloral hydrate, TCA, DCA) to show 
that liver cancer occurs when each is administered. There is a smoking gun for the^ 
mouse in terms of responsible metabolites. For humans, liver cancer is questionable 
based on PPAR alpha and peroxisome proliferation. I do not think there are any more 
smoking guns for TCE and cancer. 

The use of PBPK models to assign risk to target tissues other than the liver should be 
completed under the framework of protecting the public health (eg., not science) or for 
hypothesis generation. For example, the use of the PBPK models to address kidney 
cancer using DCVC is not recommended because of an almost complete lack of 
kinetic/metabolic experimental data to support this pathway. Furthermore, DCVC has 
not been shown to cause kidney cancer, in the same way chloral hydrate, TCA or DCA 
has been shown to cause cancer in the liver. Another metabolic pathway for kidney 
cancer has been proposed by Dr. Green. The use of the PBPK model to predict 
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dosimetrics for other cancers such as lymphomas and cancer of testes can be 
questioned in the same fashion. 

Without using the dosimetric, total amount metabolized, a risk conservative approach 
might be to assign the TCA (free fraction) as an internal dose 'surrogate' because it is 
the longest half life in the body. The use of TCE itself as a dosimetric seems advisable 
only wheh predicting CNS effects or perhaps portal of entry effects, even lung cancer. 
The lung cancer idea about build-up of chloral hydrate is ok, but it is just a hypothesis. 
There is quite a bit of chloral hydrate circulating in blood after exposure to TCE (in mice 
but not humans) and the distinction between hepatic- and clara cell- produced chloral 
hydrate was never addressed sufficiently. 

I do not propose going back to administered dose of TCE, but the modeling work of 
Harvey Clewell et al showing risks for various pathways will not bear out under scientific 
scrutiny, such as the harmonized modeling effort that was conducted or perhaps in the 
ongoing NAS subcommittee. The modeling efforts ofthe US EPA with the harmonized 
model may keep various metabolic pathways in the model but I doubt that they will rely 
on its predictions since it represents primarily hypothesis generation. Perhaps, NYS 
should qualify some of its risl< predictions by not giving equal weight to each. You do 
this in Table 5-26, but the text should be reworded to reflect this concern. 

It would be nice if a chapter was added for the PBPK models. Include the model 
parameter values along with a few simulations of kinetic data to show that the models 
reproduce some ofthe data adequately. One important emerging practical aspect of 
Bayesian analysis is that the new fitted model parameter values may times falls outside 
of the range of the empirically determined or fitted values (deterministic) causing 
concern over the validity ofthe model parameter. This is especially problematic when 
the model parameter value is closely tied to the risk prediction. It would be very useful 
to provide a table with the experimentally determined and/or starting values for the 
model parameters and cite their origin and the final Bayesian determined value. You 
can get a better fit to the data by doing the large scale fitting exercise but the biological 
basis for the parameter may not be plausible or even worse the fitted key parameters 
'affect' the risk predictions. 

\ was unclear how the free TCA was used. It seems ok in the Tables. Clewell and 
Andersen (2004) did not appropriately use our experimental findings for the mice, rat 
and human TCA binding information. The Keys et al. poster and the Lumpkin et al. 
paper provide the correct information. The % of TCA bound in whole blood is constant 
across a wide range of blood levels and goes up at low doses and down at very high 
doses. 

Using only the Clewell et al. PBPK model leaves out several important more recent 
kinetic data sets in human and as 1 recall mice. Please check on this. 

Greenberg, M. S., G. A. Burton, Jr., and J. W. Fisher. 1999. Physiologically Based 
Pharmacokinetic Modeling of Inhaled Trichloroethylene and its Oxidative Metabolites in 
B6C3F1 mice. Toxicology and Applied Pharmacology 154. 264-278. 

Abbas, R. and J. W. Fisher. 1997. A Physiologically Based Pharmacokinetic Model for 
Trichloroethylene and its Metabolites, Chloral Hydrate, Trichloroacetate, 
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Dichloroacetate, Trichloroethanol, and Trichloroethanol Glucuronide in B6C3F1 mice. 
Toxicol. Appl. Pharmacol. 147. 15-30. 

Fisher, J. W., D. Mahle and R. Abbas. 1998. A Human Physiologically Based 
Pharmacokinetic Model for Trichloroethylene and its Metabolites, Trichloroacetic Acid 
and Free Trichloroethanol. 
Toxicology and Applied Pharmacology 152. 339-359. 

Also, for the sake of keeping up to date, the short communication below gives new 
preliminary data on metabolically formed DCA. 1 think excluding DCA is the only way to 
go at this time because of issues that you are aware of. 

Delinsky, A.D., D.C. Delinsky, S. Muralidhara, J.W. Fisher, J.V. Bruckner, and M.G. 
Bartlett. 2005. Analysis of dichloroacetic acid in rat blood and tissues by hydrophilic 
interaction liquid chromatography by hydrophilic interaction liquid chromatography with 
tandem mass spectrometry. Rapid Communications in Mass Spectrometry. 19. 1075-
1083. 

Reviewer 

The short answer to this question is yes. The document does an excellent job in 
describing the strengths and weaknesses in cancer studies in animals and humans. 
Greater weight is accorded to those sites where there is consistency across studies, 
biological plausibility, reasonable dose response relationships and animal/human 
concordance, Thus, the document relies on cancer effects on the liver/biliary system, 
kidney, esophagous as well as NHL. The NYDOH evaluation is, for the most part, 
consistent with evaluations made by the EPA and NTP which conclude that the animal 
cancer data is convincing but the human data may fall just short of the evidence needed 
to justify the highest cancer rating. All key studies have been identified. 

The metabolism/mechanism issues are dealt with completely and objectively. The role 
of metabolism is discussed as well as the evidence in support of the conclusion that 
TCE metabolites are playing a key role in the carcinogenic actions of TCE including the 
evidence of genetic toxicity and effects on cell proliferation. The sections on P-450-
dependent and glutathione transferase pathways are clearly written and help in 
assessing the use of PBPK models in deriving dose response relationships including 
the application of benchmark dose methodologies. These approaches are consistent 
with recommendations made by EPA in their revised cancer risk assessment guidelines. 

The NYDOH appropriately concludes that available evidence is insufficient to move 
away from a linear dose response model although some additional details may be 
helpful here. For, example the fact that TCE is a multi-site carcinogen in animals and 
probably in humans as well means that arguments that question a linear dose response 
must be presented for all sites not just one or two. Clearly, this has not been done and 
the arguments in favor of a non linear dose response at any site are inadequate, at this 
point, to move away from linear extrapolation models. 

Reviewer 
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The main concern in this section of the risk assessment is the treatment of the mouse 
liver tumors as an appropriate surrogate for the possible increase in liver tumors in 
humans exposed to TCE and other solvents. There is little evidence that there is any 
correlation between the MOA of the human and mouse liver tumors. In fact that there is 
a large body of evidence, some old some newer that the mouse liver tumors are caused 
by a peroxisome proliferator type pathway that is arguably not operational in humans. 
The data supporting these points are summarized below. 

A subset of nuclear receptor superfamily members called peroxisome proliferator-
activated receptors (PPAR) play pivotal roles in mediating many of the adaptive 
consequences of PP exposure. In the liver PP activate PPARa, in most cases by 
binding directly to the receptor, leading to the altered regulation of genes involved in 
lipid metabolism and peroxisome proliferation, as well as genes involved in determining 
cell fate (Corton et al., 2000). Studies using a mouse strain which lacks a functional 
form of PPARa (PPARa-null mice), demonstrated that most, if not all, ofthe effects 
induced by PP in the liver are mediated by PPARa (Lee et al., 1995; Peters et al., 1997, 
1998; Klaunig et al., 2003; Anderson et al., 2004). TCE is a weak PP leading to the 
hypothesis that the carcinogenic effects in the mouse liver are mediated through 
PPARa. 

Activation of PPARa by TCE and metabolites. Trans-activation studies are used to 
determine if compound exposure leads to receptor activation. Three studies have 
examined the ability of TCE and metabolites to activate PPARa. TCA was shown to 
activate the mouse PPARa in a dose-dependent manner (Issemann and Green, 1990; 
Zhou and Waxman, 1998). DCA but not TCE was also shown to activate PPARa (Zhou 
and Waxman, 1998). In a limited study with one high dose (4 mM), TCA but not DCA 
was able to activate PPARa (Walgren et al., 2000). Doses of TCA or DCA required to 
induce PPARa are much higher than typical PP which activate in the nM to |iM range. 
It should be noted that these studies only reveal whether compound exposure leads to 
receptor activation and do not differentiate between direct binding versus activation 
through indirect means, e.g., through displacement of a natural PPARa activator. In 
addition, these systems are artificial and do not necessarily enable reconstruction ofthe 
in vivo environment; the receptor contructs used are either a hybrid consisting of a 
glucocorticoid receptor DNA binding domain fused to a PPARa ligand binding domain 
(Isseman and Green, 1990) or a mutant full-length form of mouse PPARa (PPAR-G) 
with negligible background activity that is activated in the presence of PP (Walgren et 
al., 2000). In addition, the assays do not take into account the gene and species-
specific interacfions between PPARa and the PP response elements (PPRE). A rabbit 
CYP4A6 PPRE (Zhou and Waxman, 1998) and concatamerized Xenopus taevis acyl-
CoA oxidase PPRE (Walgren et al., 2000) were used in these studies. However, 
despite the shortcomings of the trans-activation assays, the data is consistent with 
exposure to relatively high concentrations of TCA and DCA leading to acfivation of 
PPARa. 

Dose-response characteristics of TCE hepatocarcinogenicity. Peroxisome 
proliferators induce liver cancer in rodents through a mechanism dependent on 
increases in cell proliferation. Induction of palmitoyl-CoA oxidase (PCO) and 
peroxisome proliferation are also observed under conditions which lead to cancer 
although the role of these endpoints in PP carcinogenesis is unresolved (Klaunig et al., 
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2003). Exposure to TCE, TCA or DCA leads to a number of effects in common with PP 
including increases in liver weights, hepatocyte proliferation, and markers of peroxisome 
proliferafion although at markedly different dose levels. TCE and TCA induce liver 
cancer at doses that also induce increases in PCO, increases in peroxisomal volume (a 
measure of peroxisome proliferafion), increases in liver/body weight and in the case of 
TCE, hepatocyte proliferafion (NTP, 1990; Elcombe et al., 1985; Buben and O'Flaherty, 
1985; Stottetal., 1982; Elcombe, 1985; NCI, 1976; Herren-Freund etal., 1987; 
Goldsworthy and Popp, 1987; DeAngelo et al., 1989; Dees and Travis, 1994). Increases 
in liver weight and cell proliferation by TCE were at doses below those that induce 
hepatocyte necrosis indicating that cell proliferafion is not in response to regenerafive 
signals induced by the loss of hepatocytes through overt necrosis. TCA has not been 
shown to induce cytotoxicity at any of the doses tested. DCA induced changes in liver 
to body weights, hepatocyte necrosis and liver tumors at markedly lower doses than 
inducfion of PCO (DeAngelo et al., 1999; Daniel et al., 1992; Bull et al., 1990). These 
studies demonstrate that markers of PPARa acfivafion including PCO and peroxisome 
proliferafion are coincident with Jiver tumor inducfion upon TCE or TCA exposure but not 
DCA exposure and are consistent with a role for PPARa in TCE induced liver cancer. 

Effects of TCE and metabolites in PPARa-null mice. Two studies have been carried 
out in which the role of PPARa in TCE-induced effects was directly determined 
(Nakajima et al., 2000; Laughter et al., 2004). Wild-type mice with a mixed 
SV129/C57B1/6 background exposed to TCE exhibited the typical changes induced by a 
PP, including increases in inducfion of enzymes that carry out p- and co-oxidafion of fatty 
acids, increases in hepatocyte proliferafion and altered expression of genes involved in 
cell proliferafion, the cell cycle and lipid metabolism. Mice lacking a funcfional PPARa 
exposed to TCE did not exhibit these changes. It should be noted that there appeared 
to be some increases in cell proliferafion in the TCE-treated PPARa-null mice at the 
highest dose tolerated (1000 mg/kg), but the increases were not significant partly due to 
high animal variability ofthe response and the fact that at the highest dose tested (1500 
mg/kg/day) all of the PPARa-null mice were moribund and had to be removed from the 
study for unknown reasons. Liver to body weight changes, induced by TCE were 
observed in one study (Nakajima et al., 2000) but not the other (Laughter et al., 2004). 
In the Nakajima study both male arid female PPARa-null mice at the only dose (1500 
mg/kg) exhibited increased liver to body weight rafios. The Laughter et al. study showed 
that for over 5 doses and 2 fime points none of the PPARa-null mouse groups exhibited 
increased liver to body weight rafios. There was a trend toward increases at the highest 
dose (1000 mg/kg). The control PPARa-null mice exhibited greater liver to body weight 
rafios than control wild-type mice which could be due to the persistent hepatocyte 
macro and microvesicular steatosis characterisfic of this strain. These increases were 
not observed in the Nakajima study. The reasons for differences in the PPARa-
independent increases in liver to body weight rafios between the Laughter et al. study 
and the Nakajima study are not known but are not likely due to differences in the 
genetic background ofthe mice, the dose of TCE or the way in which the mice were 
given the compound as these parameters were almost identical or overiapped in both 
studies. Taken together, the data indicates that responses associated with TCE-induced 
hepatocarcinogenesis including increases in hepatocyte proliferafion and peroxisome 
proliferafion are dependent on PPARa. 
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Transcript profiling was used to determine whether changes in gene expression 
in the mouse livers were PPARa-dependent (Laughter et al., 2004). Almost all ofthe 
transcripfional changes observed in wild-type mice were dependent on PPARa. Only 3 
out of the 43 genes (7%) that were altered by TCE in wild-type mice were also altered in 
PPARa-null mice. It can be speculated from this study that PPARa-independent 
transcripfional mechanisms do not play a dominant role in mediafing the transcripfional 
effects of TCE. However, these results should be viewed with some caufion as they 
cover only one fime point at one dose and examined only ~1200 genes. 

Effects of TCA and DCA exposure have also been studied in PPARa-null mice 
(Laughter et al., 2004). PPARa was required for TCA to increase the expression of acyl-
CoA oxidase and Cyp4a and for DCA to increase the expression of Cyp4a. In contrast, 
DCA increased liver to body weight rafios in both wild-type and PPARa-null mice. If TCE 
effects were determined by DCA-induced effects, PPARa-independent changes in at 
least liver to body weight ratios after TCE exposure would be expected. The fact that 
overt PPARa-independent effects by TCE (except for 3 gene changes) were observed 
indicates that TCA plays a more important role in TCE-induced effects. 

These data indicate that TCE induces mouse liver tumors through a PPARa-
dependent mechanism. This MOA has been recenfiy evaluated to be not relevant to 
humans based on a lack of funcfional PPARa in the human liver and the lack of 
epidemiological evidence of increases in liver cancer in pafients receiving drugs which 
acfivate PPARa (Kalunig et al., 2003). Thus the argument that there is higher 
confidence that the mouse liver tumors are valid surrogates for human cancer should be 
reconsidered. 

Minor points: 

The paragraph which begins p. 129, line 7 should be moved out ofthe summary secfion 
and discussed earlier. 

P. 110, line 12. Should be table 5-1. 

P. 116, line 6. Should read "The committee did nof have studies 

P. 137, line 18. This is not a sentence. 

P. 138, line 1. probably should be changed to probability. 
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5. The findings of increased risk for cancer in the Hansen, et al. (2001) study are 
used to check the plausibility of recommended carcinogenic criteria based on 
animal studies; earlier epidemiologic studies are not used to estimate risk. 
The human data are not used further in quantifying carcinogenic risks, 
although they are used in weight of evidence considerations. Is this decision 
adequately justified? 

Reviewer 

There are many ways the cancer risk from TCE can be evaluated. It is clear that 
divergent methods have been used by different groups and governments. There is no 
one "best" process. Although there is a substahfial set of human epidemiological 
studies, the NYSBOH review fairly describes the controversy that has surrounded the 
assessment of the human exposure experience and the diversity that is seen in the 
different study results. 

It is reasonable to use the approach described and the rafionale is appropriately 
documented. The animal data is less equivocal than the human and provides less 
variability. But the two sets of informafion are nicely linked and give confidence that the 
Criterion selected is adequately protecfive for the general populafion. The cancer 
secfion does a good job of describing how the human and animal studies were 
evaluated. The set of assessment parameters from the published literature is helpful in 
understanding how priorifies were set. This secfion was very helpful in understanding 
the rafionale for the approach 

The issue of tumor site concordance between human epidemiology and the animal 
studies has considerable appeal; however the laboratory animal models are not 
designed to reflect specific human cancers, but rather for the broader issue of 
carcinogenicity. Of greater importance is whether the MOA resulfing in the tumor is 
understood and is also acfive in humans. Such a MOA is discussed under the kidney 
cancer review. Tumors seen in animals may not be significanfiy increased in humans 
because of mulfiple contribufing causes to the cancer in humans, age relafionships and 
a myriad of confounders not present in the animal models. So while interesfing to note, 
cancer site concordance should not be given undo weight. 

The secfion does a nice job of summarizing a complex set of studies and issues and 
carefully describes the decision process used. The approach used is a reasonable one. 

Reviewer 

The NYDOH review relies primarily on Wartenberg et al., 2000 review of epidemiologic 
studies of TCE exposed and a review of recent studies published after 2000 to conclude 
(pg 128) "Collectively, the analyses presented in Wartenberg et al and addifional data 
presented in subsequent publicafions on the effects of occupafional exposures provide 
evidence for an associafion between occupafional TCE exposure and several types of 
cancer in humans most notably renal cell carcinoma, NHL, liver/biliary cancer, 
esophageal adenocarcinoma, and to a lesser extent Hodgkin's disease and cervical 
cancer." 
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The NYDOH review acknowledges differences in scientific opinion on this Issue (e.g. 
Wong 2004, Institute of Medicine 2003, and Garabrandt and James, 2005). In addifion 
to the agency reviews cited in the report (e.g. NTP, I ARC, and EPA), several other 
reviews have also been published on this topic that could be consulted and referenced 
in the NYDOH report (e.g. see Lavin et al 2000; Mandel and Kelsh 2001; McLaughlin 
and Blot 1997; Weiss 1996). 

Overall, the review of recent studies presents a good summary of research to date since 
publicafion of the Wartenberg et al review. As discussed by the committee, it would be 
nice to see a summary of the studies presented in tables, organized by cancer outcome. 

Based on a recently completed review and meta-analysis of occupafional TCE exposure 
and cancer, which was recenfiy presented to the Nafional Research Council Committee 
on Human Health Risks of Trichloroethylene (Kelsh et al., 2005), and in considerafion of 
opinions expressed in other reviews, 1 would conclude that the epidemiologic evidence 
is not as strong as suggested in the NYDOH summary. Instead I would suggest that the 
epidemiologic evidence is equivocal on some cancer outcomes and not supportive of a 
causal associafion for others. 

Draft Comments From Recent Meta-Analysis: 

Generally the presentafion provided with these comments is fairly self-explanatory. I 
have included addifional comments here are for clarificafion or summarizafion purposes. 
The results of this review and analyses are presented as draft comments. Papers 
summarizing these analyses are either submitted for publicafion or in preparafion. 

This analysis focuses on occupafional TCE exposure and six cancer outcomes: kidney, 
liver, NHL, esophageal, leukemia and lung cancers. Only case-control and cohort 
studies were included in the summary. Community studies, proportionate mortality 
studies, and studies of laundry workers were not included. 

Analysis were conducted separately for: 
All studies that idenfified a TCE exposed subcohort ("Group I" studies) 
Studies where TCE exposure was noted but individual exposure assignments were 

not provided or studies had significant design limitafions ("Group M" studies) 
Aerospace worker studies (from Group 1 and Group 11) 
By exposure intensity (when feasible) 
By exposure durafion (when feasible) 
Studies conducted in the U.S. 
Studies conducted in Europe 
Case-control studies of kidney cancer and NHL 

A key aspect of this review was the assessment of heterogeneity, which addresses the 
quesfion of how consistent the esfimates of risk were across the different studies. 

Key findings: ^ 

Kidney cancer: 
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Overall meta relative risk (mRR) was 1.29 (95% Cl: 1.06 - 1.57). The mRR for 
aerospace workers was 1.01 (95% CI: 0.75-1.38). The recent Danish study (Raaschou-
Nielson 2003) was the largest cohort study and reported an RR=1.2. However, these 
results may be confounded by smoking, which was not accounted for and menfioned as 
a possible confounder by the authors given the excess of lung cancer observed their 
informafion about smoking patterns in the cohort. Mixed, inconsistent results were noted 
across the case-control studies. 

Liver Cancer: 

Overall mRR for Group 1 studies was 1.32 (95% CI: 1.05-1.66). Lower summaries for 
U.S. studies (mRR=0.95, 95% Cl: 0.61-1.48) and studies of aerospace workers (mRR 
=0.86, 95% Cl 0.60-1.24) compared to European studies (mRR=1.47, 95% Cl 1.13-
1.92). Analyses includes both liver and biliary cancers combined (some studies only 
reported the results for these two cancers combined). 

NHL: 

Mixed finding across different groups of studies. There were higher mRRs were 
observed for Group I studies (mRR=1.59, 95% Cl 1.21-2.08). No significant findings 
from case control studies, aerospace worker studies, or Group II studies. Among Group 
1 studies, analyses of available data on exposure "intensity" and durafion of exposure 
(although limited in both cases) did not suggest patterns of dose-response. 

Esophogeal: 

Mixed findings as indicated by low p-values for heterogeneity tests. Analysis limited by 
small numbers. Hansen and Blair studies report elevated risks, other studies do not 
report similar elevafions. Overall mRR=1.07 (95% Cl 0.78-1.46) for total cohort 
(summary plotted on graph). Overall TCE exposed subcohorts mRR=1.35 (95% Cl: 
0.80-2.26) [not shown on graph]. Potenfial confounders, smoking and alcohol, may bias 
results. 

Leukemia: 

No excess risk found in any study groups. 

Lung: 

No excess risk found in any study groups. Raaschou-Nielson study reported RR=1.2 
and suggested that this was possibly due to a higher smoking prevalence in these 
workers. 

Differences in results and interpretafions of this meta-analysis compared to Wartenberg 
et al can be explained by several factors: 

Current meta-analysis includes more recenfiy published studies and summarizes 
findings for case control studies of kidney and NHL cancers. 

Different grouping of studies (e.g. Henschler study is grouped in Group II studies) 
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Differences in which data were abstracted from studies. Our criteria for data 
abstracfion attempted to apply consistent protocols - in some cases resulted in 
different results abstracted compared to Wartenberg et al. 

Limitafions of and value of meta-analysis as applied to these studies and limitafions of 
individual studies are discussed in presentafion. 

Use of Hansen et al study for Quanfitafive Risk Esfimate: 

The NYDOH appropriately characterized the Hansen et al study as one of the stronger 
epidemiologic studies based on the exposure assessment protocols employed in this 
study. Biomarkers of exposure have the advantage of providing individual quanfitafive 
esfimates of personal exposure, however they also have the limitafions of reflecfing only 
relafively recent exposures (given the half life of TCE and its metabolites). In addifion, 
an average of two measurements are relied upon to reflect an enfire work history. The 
more recent and much larger Danish study by Raaschou-Nielson and colleagues relies 
on extensive exposure measurement data for classificafion of the cohort and includes 
many more workers in the epidemiologic analysis (14,000 + workers compared to 803 in 
the Hansen et al study). Because of the more stafisfically precise esfimates from the 
Raaschou-Nielson study, 1 would recommend using this study as well in validafing the 
air criteria esfimates derived from animal studies, using the same approach as applied 
to Hansen et al data. 

References: 

Lavin AL, Jacobson CF, DeSesso JM. An assessment ofthe carcinogenic potenfial of 
trichloroethylene in humans. Human and Ecological Risk Assessment 2000; 6(4): 575-
641. 

Mandel J, Kelsh M. A review ofthe epidemiology of trichloroethylene and kidney cancer. 
Human and Ecological Risk Assessment 2001; 7(4): 727-35. 

McLaughlin JK, Blot WJ. A critical review of epidemiology studies of trichloroethylene 
and perchloroethylene and risk of renal-cell cancer. Int Arch Occup Environ Health 
1997; 70(4): 222-31. 

Weiss NS. Cancer in relafion to occupafional exposure to trichloroethylene. Occup 
Environ Med 1996; 53(1): 1-5. 

• Reviewer 

The quesfion under invesfigafion is the specificafion of the lowest concentrafion of TCE 
in the air that poses unacceptable risk to humans. Theorefically it would be best to use 
data from human studies to esfimate this level. However, the large majority of studies 
examining human health effects of TCE exposure use only relafive exposure values 
(often based on job fifies and job exposure matrices) rather than more comprehensive 
exposure measurements. The study with the most reliable exposure measurements is 
that of Hansen et al. (2001), and NYSDOH appropriately used these data to esfimate 
exposure guideline. It also would be worth exploring whether some of the exposure 
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data from the Hansen et al. (2001) study could be used to esfimate exposure for the 
larger Raaschou-Nielsen et al. (2003) study. Another problem with all ofthe 
epidemiologic studies, to some degree, is the limited number of people in each study 
populafion and the very small number of cases for the outcomes of greatest interest 
This reduces their sensifivity and the precision of the effect esfimates. This is of 
particular concern for the exposure-response analyses, which may not be meaningful if 
there are not sufficient numbers of cases. This has been addressed, in part, through 
meta-analyses that combine study results. One must be careful to combine only similar 
studies, but also to make sure to include a sufficient numbers of studies in each group 
summarized, so that random variafions among studies are not over interpreted as 
meaningful differences. In addifion, there likely is uncontrolled confounding in all ofthe 
studies, although 1 do not believe this undermines the validity ofthe results. 

Using the Hansen et al. (2001) study, NYSDOH esfimated TCE air concentrafions for 
three levels of excess risk for esophageal cancer, non-Hodgkin's lymphoma. It would 
be useful to esfimate similar levels based on data for kidney and liver cancer. Kidney 
cancer is of particular interest given the biological plausibility elucidated in the past few 
years, particularly by Brauch, Bruning and colleagues. 

Because the goal is to esfimate an air guideline for a specified level of risk to humans, it 
would be useful to combine the risks from all (or most) of the sites that pose a risk. In 
that way, the value would address the combined risk of any cancer to a person, rather 
that having attenfion focused on only the most sensifive site. (Of course, if one cancer 
site is far more sensitive, the result of combining risks from several sites will barely be 
noficeable.) 

The recommended air guideline is based primarily on the animal data, with support from 
human data. The underlying logic is that concordance between animaland human data 
lend support to the plausibility of-causafion. However, numerous studies have shown 
the limited concordance for a single agent among animals of the same species but 
different genders, same genders but different species, and even lower concordance 
with human data. The report should note such inconsistencies between animal and 
human data for other substances so that readers appreciate that outcomes that occur 
only in humans may sfill be relevant and important and that esfimates based only 
animal data may not adequately represent the underlying human risk. 

" Reviewer 

Epidemiological study has demonstrated a high relafive risk of contracfing NHL in 
relafion to exposure to TCE. Hansen et al. (2001) conducted a morbidity study of a 
cohort of Danish workers exposed to TCE. Cohort members were selected for study by 
the invesfigators on the basis of informafion on previous TCE exposure levels, or on the 
basis of informafion on a metabolite of TCE, namely trichloroacefic acid (TCA), in the 
workers' urine. This informafion was provided to the invesfigators by the Danish Labor 
Inspecfion Services. On the basis of these selecfion criteria 803 workers (658 men and 
145 women) were idenfified for study. The largest fraction of measurements came from 
persons working in the iron and metal industry, where TCE was used for degreasing. 
Job informafion was reconstructed from the files ofthe Nafional Pension Fund. Each 
cohort member was linked to the nafionwide Danish Cancer Registry by personal 
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idenfificafion number to determine whether they had been diagnosed with cancer. The 
cohort was followed from 4/1/68 to 12/31/96. 

For the enfire cohort, the results indicated a stafisfically significanfiy elevated 
Standardized Incidence Rafio (SIR) for NHL; SIR = 3.5 (8 obs v 2.29 exp, p < 0.05). 
The authors also observed a dose response by durafion of employment. For those 
employed for < 6.25 years (75 months) the SIR for NHL was 2.5, (95% Cl 0.3 -9.2). For 
those employed for > 6.25 years (75 months), the SIR for NHL was 4.2 (95% Cl = 1.1 -
11.0). Analyses by mean intensity of exposure and by cumulative exposure did not 
show any dose response for NHL. The authors noted that chance may have played a 
role in the lack of dose response for the latter two categories of exposure because it 
was not known whether the measured concentrafions of TCE actually reflected true low 
and high exposure concentrafions experienced by the workers. For this reason, the 
authors were of the opinion that "the more precisely measured durafion of employment 
may represent a more reliable measure of cumulative dose." 

Raaschou-Nielsen et al. (2003) evaluated cancer incidence among 40,049 blue-
collar workers employed for three or more months in one of 347 Danish companies with 
documented TCE use. The main industries where the TCE exposures occurred were 
iron and metal (48%), electronics (11%), painfing (11%), prinfing (8%), chemical (5%), 
dry cleaning (5%) and other industries (13%). For NHL in the overall working 
population, the SIR was 1.2 (95% Cl = 1.0-1.5). In a sub-cohort of 14.360 workers 
presumed to have been highly exposed to TCE. the NHL SIR = 1.5 (95% Cl = 1.2-2.0). 

For the enfire cohort, analyses by latency and durafion of employment showed 
slight increases with increases in these variables. In analyses by year of first 
employment the highest risk of NHL was observed for those first employed prior to 
1970, when TCE exposures were thought to have been the highest, SIR = 1.4 (95% Cl 
= 1.0-2.0). 

The authors stated that some of the workers included in the study probably 
received little or no TCE exposure, which would bias the results toward the null 
hypotheses of no associafion. They also stated that misclassificafion of durafion of 
exposure could lead to attenuation of an apparent dose-response. They concluded that 
the associafion between TCE exposure and NHL found in the study was consistent with 
the results of the most reliable cohort studies, and that the findings could be considered 
as independent from a similar finding in their previous study (Hansen et al. 2001) 
because overlap between cases of NHL was negligible; only two NHL cases were 
included in both studies. 

Axelson et al. (1994) conducted a cohort mortality and morbidity study of 1670 
workers exposed to TCE in Sweden between 1955 and 1975 and followed them through 
1985. Cohort members were idenfified from their participafion in a survey to determine 
trichloroacefic acid (TCA) levels in their urine. The overall cancer morbidity among 
men was slighfiy lower than expected, SIR = 0.96, while for NHL the SIR = 1.56 (95% 
Cl = 0.51-3.64). This result is not stafisfically significant, however, it is 50% higher than 
the death rate for all causes of death and as a result provides some informafion in 
conjunction with other study results related to TCE and lymphoma. The authors 
concluded that there was no evidence that TCE was a human carcinogen when the 
exposure is as low as it was for the workers studied, e.g:, < 20 ppm for 8 1 % of the 
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cohort members. In my opinion, this report provides some limited evidence of an 
elevated risk of NHL in relafion to TCE exposure, or exposure to chlorinated solvents. 

Hardell et al. (1994) conducted a case-control study of 105 cases of NHL 
admitted to the Department of Oncology in Umea, Sweden between 1974 and 1978. 
Exposures to toxic chemicals for these cases were compared to that of 355 controls 
matched for age, sex, place of residence and vital status. Analyses demonstrated a 
significanfiy elevated odds rafio (OR) for NHL and exposure to organic solvents. More 
specifically, for TCE the OR = 7.2 (95% Cl = 1.3-42). The authors concluded that their 
study demonstrated an increased risk of NHL in relafion to organic solvents exposure. 
[Note: This report is not cited in the NYDOH report and should be added.] 

Anttila et al. (1995) studied cancer incidence from 1967-1992 among a group of 
Finnish workers exposed to TCE, tetrachloroethylene (PCE) and 1,1,1-trichloroethane 
(TC). The vast majority of these workers were exposed to TCE. Regarding NHL for the 
enfire cohort, the SIR = 2.13 (95% Cl = 1.06-3.80). When the data were categorized by 
years since first measurement of exposure (latency), for those with 0-9 years the SIR = 
1.21 (95% Cl = 0.15-4.38); for those with 10+ years of latency, the SIR = 2.55 (95% Cl 
= 1.17-4.84) based on 9 cases. These results indicate an overall significant excess of 
NHL among these workers and also an increase in NHL with an increase in latency. 
When the data were analyzed for the three solvents separately, the SIR (TCE) = 1.81 
(95% Cl = 0.78-3.56). While this result is not stafisfically significant overall, the data for 
those exposed to TCE demonstrate an increase in the relafive risk of NHL with an 
increase in latency. Since one would expect that the risk of NHL would increase with an 
increase in the latency period, these data provide further evidence of an associafion 
between TCE and NHL in,this study. The SIRs by latency category are as follows: 0-9 
years = 0.83: 10-19 years = 1.75: 20+ years = 3.24. 

For workers in the Anttila et al. (1995) study who were categorized by PCE and 
TA exposure separately, the SIRs were 3.76 (based on 3 cases) and 3.87 (based on 1 
case), respecfively. The authors concluded that their study provided evidence to 
support the hypothesis that "trichloroethylene and other halogenated hydrocarbons are 
carcinogenic for the liver and lymphohematopoiefic fissues, especially non-Hodgkin 
lymphoma." 

Biair et al. (1998) followed to the end of 1990 a cohort of 14,457 men and 
women aircraft maintenance workers exposed to TCE and other organic solvents and 
chemicals in order to evaluate their cancer risks. For workers categorized as exposed 
to TCE, the overall SMR for NHL for men was 2.0 (95% Cl = 0.9-4.6) and that for 
women was 2.2 (95% Cl = 0.4-10.0). The SMRs for NHL increased slighfiy with period 
of followup. For those followed to the end of 1982, the SMR for NHL was 1.9 and for 
those followed from 1983 through 1990, the SMR for NHL was 2.2. None of these 
results were stafisfically significant However, the observafion of such large relative 
risks of death from NHL being non-stafisfically significant is likely a reflecfion of low 
stafisfical power. 

Blair et al. (1998) also performed analyses by units of exposure to TCE. In 
these analyses they did. not observe a dose response in terms of an increase in 
exposure to TCE being accompanied with an increase in the risk of death from NHL. 
The SMRs by three increasing units of TCE exposure were 1.8, 1.9 and 1.1, 
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respecfively. The latter SMR, however, was based on only five deaths from NHL and as 
such provides little stafisfical power to evaluate relafive risk for this categorizafion of 
exposure. Moreover, the 95% CIs for the latter data point indicate that the risk of death 
from NHL could have been as high as 3.8. In doing their dose response analysis for 
TCE, the authors did not control for exposure to other organic solvents which are known 
to be associated with an elevated risk of NHL. Their own study also suggests an 
elevated risk for NHL in relafion to "other organic solvents." For example, workers in the 
Blair et al. (1998) study categorized as "not exposed to TCE" demonstrate an overall 
SMR for NHL for men of 1.6 (95% Cl = 0.5-4.5) based on 11 deaths. For women "not 
exposed to TCE" the SMR for NHL was 2.0 (95% Cl = 0.3-12.2) based on two deaths. 
Thus, Blair et al. (1998) have exposure confounding from other potenfial causes of 
NHL in their dose response analysis for TCE and NHL. This factor, along with the lack 
of stafisfical power may have been responsible for the invesfigators not being able to 
observe a dose response in their study for exposure to TCE and risk of death from NHL. 

Although the Blair et al. (1998) findings do not demonstrate a stafisfically 
significant excess of NHL among the workers exposed to TCE and other organic 
solvents, they do provide some evidence that exposure to TCE and other organic 
solvents are associated with an elevated risk of death from NHL. Blair et al. (1998) 
commented that the observed non-significant excess of NHL in relafion to TCE occurred 
in both follow-up periods, but that the associafions do not seem to be specific to TCE 
because workers exposed to other chemicals also experienced increased risks for NHL. 

Boice et al. (1999) conducted a cohort mortality of 77,965 workers employed for 
at least one year on or after 1960 at California aircraft manufacturing facilifies operated 
by Lockheed Martin. Of these, 45,325 were "factory" workers and of these 2,267 (5.0%) 
were considered exposed to TCE. Vital status was determined through 1996. In 
comparison to the State of California general populafion rates of death for whites and to 
the U.S. general populafion rates for non-whites in the study, overall, there was a 
significant deficit of mortality from all causes among "factory workers," SMR = 0.87. For 
NHL, the SMR for the enfire "factory worker" populafion, most of whom were not 
exposed to TCE, was 0.94. Analyses of data for "factory workers" for death from all 
causes by durafion of employment demonstrated a significant deficit of mortality for all 
durafion of employment categories. For those employed < 10 years, 10-19 years, 20-29 
years and > 30 years the SMR for all causes was 0.94, 0.90, 0.85, and 0.78, 
respecfively. This trend shows an inverse relafionship for risk of death from all causes 
by durafion of employment Furthermore, all of the major diseases from which people 
die (heart disease, all malignant neoplasms, lung cancer, non-malignant respiratory 
disease) demonstrate an inverse relafion with durafion of employment. The logical 
extension of this observafion is that if one worked long enough at Lockeed Martin, they 
would never die. These observafions suggest that the authors have a major 
methodological problem in their study. I suggest that they may have mis-allocated 
person-years of follow-up. or there may be some selecfion bias in the study. [See 
Wagoner et al. 1976 for evidence of an inverse relafion for risk of death by durafion of 
employment being attributable to mis-allocafion of person-years of followup.] To the 
contrary, the SMRs for NHL indicate a posifive trend for increase in the risk with each 
succeeding increase in duration of employment category. The SMRs for NHL by 
durafion of exposure categories menfioned above were 0.75, 0.80, 0.92 and 1.32, 
respectively. 
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Based on internal comparisons, the risk of NHL also increased in a monotonic 
fashion with years of exposure. For those exposed < 1 year, 1-4 years and > 5 years, 
the SMRs for NHL among those categorized as exposed to TCE were 0.74, 1.33 and 
1.62 respecfively. The trend value was p > 0.20. Based on these analyses and 
contrary to the author's opinion, these findings suggest an associafion between 
employment in manufacturing at these facilifies and an elevated risk of NHL. More 
specifically, they also suggest an associafion between exposure to TCE and NHL, and 
that these associafions are underesfimated. 

Morgan et al. (1998) conducted a cohort mortality study of 20,508 aerospace 
workers from the Hughes Aircraft Company. Of these 4,733 were reported as having 
had occupafional exposure to TCE. Workers were included in the study if they had at 
least six month of employment at the facility between 1950 through 1985. Vital status 
was determined through 1993. Industrial hygiene measurements were limited prior to 
1975. Therefore, employees with at least 30 years of experience rated TCE exposures 
for each job classificafion. In addifion to atmospheric exposures, employees were 
exposed to TCE through drinking water and wash water. These latter exposures, 
however, were not considered in classifying occupafional exposures to TCE even 
though they are known to be "an important route of human exposure" (Bogen et al. 
1992). 

For workers exposed to TCE, the SMR for NHL was 0.96, (3 obs. v 3.1 
expected). When workers were categorized by TCE exposure as "low" or "high," those 
with low exposure had an SMR for NHL of 1.79 (2 obs v 1.12 exp). For those 
categorized with high TCE exposure the SMR was 0.50 (1 obs v 2.00 exp). 

The authors concluded that their study found no support for any cancer risk 
among workers exposed to TCE. They qualified their findings, however, by stafing that 
the number of cases of cancer in the TCE sub-cohort limited their ability to assess the 
risks for rare cancers. [Note: NHL is a rare cancer.] They also stated that they lacked 
data on confounders and had no direct measurement of exposure to TCE, nor to other 
chemicals found in the workplace, and that exposure groups were narrow which would 
result in imprecise esfimates of relafive risk. I agree with the authors qualificafions about 
their study conclusions. 

In my opinion, the Morgan et al. (1998) study provides little if any meaningful 
data upon which to evaluate the risk of NHL among workers exposed to TCE. The 
authors essenfially had no data on exposure and relied on relafive exposures as 
determined from 30-year employees, who had to esfimate exposures going back more 
than 40 years. Second, there were only three deaths from NHL among those exposed 
to TCE (versus 3.1 expected), which they placed in two dose-response exposure 
categories. Evaluating dose response using a total of three cases and two exposure 
categories boarders on the absurd, to say the least from an epidemiological standpoint 
Furthermore, the meta-analysis for TCE exposure and NHL shown in Table 6 of the 
report counts 14 cases of NHL for their current study, when only 3 were idenfified 
among workers exposed to TCE in their study. 

Garabrant et al. (1988) conducted a cohort mortality study of aircraft 
manufacturing workers in Southern California. The authors did not identify any cause of 
death significanfiy elevated. However, the SMRs for several causes of death were 
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significanfiy depressed. For example.the SMR for all causes of death was 75 and the 
SMR for diseases of the circulatory system was 68. These findings suggest that the 
study suffers from problems with study design, analysis and methodology. First, the 
significant deficits for these causes of death suggest either a tremendous healthy 
worker effect, or that records of plant workers may be missing, or that the cohort was 
not followed for a long enough period of fime for the potenfial diseases of interest to 
become manifest, if in fact there is an elevated risk from this type of employment The 
findings also suggest that incorrect populafions (US general populafion and San Diego 
County mortality rates) were used for comparison of mortality. Furthermore, no data 
were provided on the type of chemicals to which any of the workers were exposed. 
Therefore, the study does not provide any informafion on the risk of NHL in relafion to 
TCE exposure though it is likely that some of the workers studied may have been 
exposed to this chemical. 

REVIEWS OF EVIDENCE FOR THE CARCINOGENICITY OF TCE 

The Internafional Agency for Research on Cancer (lARC 1995) evaluated the 
evidence for the carcinogenicity of TCE and concluded that TCE was probably 
carcinogenic to humans. According to lARC, this conclusion was based on sufficient 
evidence of carcinogenicity in experimental animals and limited evidence in humans. 
Regarding the experimental evidence, lARC cited an inhalafion study with TCE 
demonstrafing the inducfion of lymphomas in mice (lARC 1995). In their considerafion 
of the epidemiological evidence, lARC stated 

"with regard to non-Hodgkin's lymphoma, the results 
of the three most informative studies were consistent: 
the data indicated a modest excess relative risk, 
with 27 cases observed and 18.9 expected. The risk for 
non-Hodgkin's lymphoma was not increased in the fourth, 
less informative study." 

Though not stated, this difference between the observed and expected number of cases 
of NHL (27 vs. 18.9) is stafisfically significant, p < 0.05, one-tailed test. 

Lynge et al. (1997) reviewed epidemiological evidence for the relafionship 
between exposure to organic solvents and cancer. In their opinion, the results for TCE 
exposure and NHL were consistent across the three most informative studies indicafing 
a modest excess relafive risk, with 27 observed and 18.9 expected cases. They also 
stated that the risk was not increased in the two less informafive studies. In a case-
control study of malignant lymphomas, they noted that an elevated odds rafio was 
observed for exposure to TCE on the basis of seven exposed cases. They concluded 
there was some evidence for increased risks of cancer of the liver, biliary tract and for 
NHL following exposure to TCE. 

At the request ofthe Halogenated Solvents Industry Alliance (HSIA), Weiss 
(1997) published a limited review (data from only five studies were evaluated) of four 
cohort studies of workers exposed to TCE, and of one case-control study of individuals 
with NHL. The author stated that the data suggested that NHL seemed to develop more 
commonly among workers exposed to TCE than in members of the general populafion. 
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However, overall, he was ofthe opinion that the epidemiological data for TCE and 
cancer that he reviewed were limited. 

In it's 9*̂  Report on Carcinogens (2000), the National Toxicology Program 
(2000) concluded that TCE was "reasonably anficipated to be a human carcinogen" 
based on limited evidence of carcinogenicity from studies in humans, sufficient evidence 
of malignant tumor formafion in experimental animals, and convincing relevant 
informafion that trichloroethylene acts through mechanisms indicafing it would likely 
cause cancer in humans." One of the sites of concordance menfioned for the 
observafion of cancer in animals and humans was lymphomas. 

Wartenberg et al. (2000) conducted a review of the available epidemiological 
literature related to TCE and cancer. Included in their review were occupafional cohort 
morbidity and mortality studies, case-control studies and community-based studies. 
Occupational cohort studies were categorized into three tiers. The first fier comprised 
studies wherein urinary biomarkers of TCE exposure (trichloroacefic acid, or TCA) were 
available. The second fier included studies where qualitative informafion on exposure 
derived from occupafional histories were available. The third fier of studies comprised 
individuals employed as dry cleaning or laundry workers. 

The authors concluded that tier one studies provided evidence of a posifive 
associafion between TCE exposure and NHL. They also noted that TCE exposures 
to workers in these studies were relatively low, with 80% of the cases being 
exposed to an average of less than 
20 ppm. The results from fier two and three studies were considered null in that there 
was only weak evidence for an associafion between TCE and NHL. The authors 
concluded that the case-control studies provided evidence of an associafion between 
solvents, and specifically TCE and NHL. They also concluded that the findings from two 
community based studies, where the route of exposure to TCE was through town water 
contaminafion, supported an associafion between TCE and NHL. 

Wartenberg and Scott (2002) updated the cohort morbidity study results from 
their earlier review (Wartenberg et al. 2000) by adding data from the Hansen et al. 
(2001) study. Their new calculafions for NHL in relafion to TCE exposure indicated a 
total of 30 cases of NHL, SIR = 1.9 (95% Cl 1.3-2.8). The authors concluded that the 
new data provided addifional support for their previous conclusions that TCE exposure 
causes cancer in humans. The authors further noted that only a small number of 
subjects in the Hansen et al. (2001) study experienced exposures higher than the 
current permissible limit suggesfing that the cancer risks from exposure to TCE may be 
associated with low-level exposure. 

The Environmental Protecfion Agency has developed a "draft" Trichloroethylene 
Health Risk Assessment (EPA 2002). Regarding TCE and lymphoid tumors, EPA 
stated that "among the epidemiological studies, the data appear strongest overall for 
liver cancer and also, to some degree, for lymphoma....Tier 1 studies show excesses for 
Hodgkin's Disease, non-Hodgkin's lymphoma, and mulfiple myeloma. The addifion of a 
recently published study by Hansen et al., significanfiy adds to the weight-of-evidence 
for lymphoid tumors." 
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More recenfiy. Huff et al. (2004) published a commentary on TCE and cancers in 
humans. Based upon their review of experimental cancer data and epidemiological 
study results, they concluded that "TCE is indeed clearly coupled with ....non-Hodgkin's 
lymphoma.... In our view, these collective findings of TCE worker exposures and 
resultant cancers should now be considered unequivocally as sufficient and persuasive 
evidence to classify TCE as a human carcinogen." Note worthy among the co-authors 
of this review is Dr. Lorenzo Tomafis, former Director of the World Health Organizafion's 
Internafional Agency for Research on Cancer (lARC), the WHO expert agency for 
determining the causes of cancer in humans. 
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B. REVIEWS OF EVIDENCE FOR THE ASSOCIATION BETWEEN EXPOSURE TO 
ORGANIC SOLVENTS AND NON-HODGKIN'S LYMPHOMA 

A number of review articles also have concluded that organic solvent exposure is 
related to an elevated risk of NHL. Brandt (1987) presented the findings of several 
studies and concluded that organic solvents were associated with an increased risk of 
NHL. He also called attenfion to the elevated risk of NHL idenfified in his study that was 
not yet published, NHL OR = 3.3 (95% Cl = 1.9-5.8), e.g., Olsen and Brandt (1988). 
Pearce and Bethwaite (1992) concluded that studies have found an increased risk of 
NHL in work involving exposure to solvents or related chemicals. Weisenburger (1994) 
was ofthe opinion that studies suggesfing an etiologic link between solvent exposure 
and other chemical exposures and NHL have recenfiy been confirmed. Persson (1996) 
concluded that solvent exposure and malignant lymphoma.have been observed in a 
great number of studies and that occupafional exposure to solvents plays a role in the 
epidemiology of NHL. 

Rego (1998) evaluated the literature for associafions between NHL and 
exposure to organic solvents. He concluded that in 25 of the 45 studies he reviewed 
(55.5%) from 1979-97, there were 54 stafisfically significant associafions between NHL 
and solvent exposures. Among studies in which solvent exposure was more accurately 
defined, 13/18 (72.2%)suggested organic solvents as a risk factor for NHL, OR = 5.2 
(95% 01 = 1.11-26.19). 
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Is the summary transparent and does it adequately justify the guideline of 5 
mcg/m'? 

Reviewer 

This is a loaded quesfion. A few comments/questions for now. 

Does this document need to be completed before the NAS TCE report? 

I have not seen a consensus group agree on the statement on page 167, line 28; that 
there 'is a positive associafion between TCE exposure and several types of cancer for 
humans'. This statement is made in a few other places. 1 can not comment on this, only 
to say this statement would be viewed as controversial, at best, by several people. 

For noncancer, I will try to send a good review paper of TCE and cardiac malformafions 
that will be published within a week or so (on-line version). This may influence the 
views of NYS on this subject. 

The summary tables/text should include details about the routes of administrafion of 
TCE for deriving each air criterion. Can you tabulate the potency esfimates for inhaled 
TCE vs other routes of administrafion for animals and human, then compare to each 
other? Both cancer and non cancer effects can be evaluated in this manner. 1 think this 
will strengthen the document when it summarized in this fashion. I think inhaled TCE 
should be given the highest priority for cancer, at least. 1 commend the authors/analysts 
of this document in using the inhalafion studies in mice (Maltoni, 1986) for cancer 
potency esfimates and not the NCI and NTP oral bolus dosing studies. 

The number 5 ug/m3 or 0.9 ppb is not particularly transparent. Maybe a figure or visual 
representafion ofthe criterion values may help in showing how the value was selected. 
1 was not sure how this particular number was derived. 

I think of epigenefic mechanisms when I think of TCA as the primary metabolite 
responsible for liver cancer in mice. The low dose extrapolafion approach suggests that 
a genotoxic mechanism is operafive. This aspect of the work warrants discussion in the 
text. 

Reviewer 

The summary is well-written, concise and it does an excellent job in highlighfing the 
major studies and issues that impact thederivafipn of an air guideline for TCE. 
However, the selection of 5 mcg/m3 as the guideline is not fully justified. Based on the 
available data, especially the cancer data, a guideline in the range of 1-5 mcg/m3 could 
be jusfified. After all, a linear model cannot be rejected, for some sites acceptable risk 
levels are less than 5 mcg/m3 and in some cases less than 1 mcg/m3 and EPA has 
stated that TCE is highly likely to be a human carcinogen. The NYDOH may wish to 
consider an acceptable risk level to be 3-5 cancers per million since TCE appears to be 
on the cusp between a known human carcinogen and a probable human carcinogen. 
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Reviewer 

While the document overall is clear and well written, the development and justificafion 
for the guideline of 5 mcg/m3 could be made more transparent For example, it would 
be helpful to know what process was used to choose the value of 5 from the many 
numbers produced in the report. It would be helpful to know how results for children 
were used in conjuncfion with that for adults. (In fact, that issue is not addressed 
consistenfiy through the report but should be, with assessments for risks to children 
provided with most assessments for risks to adults are appropriate.) It is important that 
this final step be made more transparent including an explanafion of why the guidelines 
below 5 mcg/m3 were not recommended. 

1 believe that the guideline should be based on the lowest concentrafion that is 
associated with a significant adverse health effect and I accept the traditionally used 
risk level of 1 x 10-6. Based on the numbers presented on CNS, reproducfive, and 
developmental effects and kidney and liver cancers and non-Hodgkin's lymphoma, the 
cancer data should be the focus of these considerafions: Ideally, as noted in my 
response above, the air levels for risks for the complete set of adverse effects should be 
combined in the specificafion of an air guideline. 

Reviewer 

Children represent a population which is particularly suscepfible to the adverse 
effects of environmental toxins. They breathe more air, drink more water and eat more 
food per pound of body weight than adults. They also occupy different breathing zones 
and spend a disproportionate amount of fime in certain locafions than adults. 
Therefore, their effecfive dose is much higher than adults living amongst the same 
exposures. Addifionally, the developing brain is particularly suscepfible to the effects of 
neurotoxicants, such as TCE. Child-based PBPK models for methylene chloride and 
tetrachloroethylene were developed to determine if age-specific groups are more 
sensitive to chemical exposures than adults. Thus far, results of the modeling efforts 
show that neonates are 3 to 10-fold more suscepfible to chemical toxicity via inhalafion 
and oral routes than adults exposed to idenfical environmental condifions (ATSDR: 
Computational Toxicology Laboratory). 

TCE is a chemical solvent which is heavier than air. The concentrafions in a 
room will be highest at the level where children spend most of their fime, close to the 
floor. The gradient may be high enough to cause a marked difference in exposures. 
Current proposed collecfion protocols for samples in indoor air from vapor intrusion call 
for sampling to take place at a height of 3 feet off the ground (NYS DOH: 2005). The 
most vulnerable group of children are under the age of two. This means than more than 
75% of all boys and 95% of all girls will be subject to higher levels than those measured 
when they are standing in those rooms. Since children also spend fime sitfing and 
playing on the floor this applies to 100% of all children occupying these spaces. 

Children breathe more air per pound of body weight than adults and their 
metabolic rates are higher relafive to their size. Thus they consume more oxygen than 
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adults and produce more carbon dioxide per pound of body weight This increased 
C02 producfion requires higher minute ventilafion. Minute venfilafion for a newborn and 
adult are approximately 400 mL/min per kilogram and 150 mL/min per kilogram, 
respecfively. Thus children's exposure may be greater than that of adults. The 
discussion should jusfify clearly how the air criteria takes this 3 to 4 fold difference into 
account, especially in regards to the mathemafical modeling of theoretical internal 
concentrafions of active metabolites. 

Neurodevelopmental disorders (NDDs) including learning disabilifies, dyslexia, 
mental retardafion, attenfion deficit disorder, cerebral palsy and aufism affect 5-10% of 
babies born worldwide. Subclinical decrements in brain funcfion are also widespread 
and affect tens of millions of children. Some observers report that prevalence of certain 
NDDs - ADHD and aufism, in particular - may be increasing, but data to sustain that 
posifion are limited. NDDs disrupt the lives of pafients and families. They place great 
burdens upon society. Their treatment is difficult, and the disabilifies they cause can 
often last lifelong. 

The developing human brain is inherently much more suscepfible to injury 
caused by toxic agents than the mature brain of an adult. This suscepfibility reflects the 
fact that in the nine months of prenatal life the human brain must evolve from a strip of 
cells along the dorsal ectoderm into a complex organ comprised of billions of precisely 
located, highly interconnected cells. Neurons must move along specified pathways from 
their points of origin to their assigned locafions, they must establish connecfions with 
other cells near and distant and they must learn to intercommunicate. For optimal CNS 
development, all of these processes must take place within a fightly controlled fime 
frame, in which each developmental stage must be reached on schedule and in the 
correct sequence. Because of the extraordinary complexity of human brain 
development, there are windows of unique suscepfibility to toxic interference that have 
no counterpart in the mature brain, or in any other organ. If a developmental process in 
the brain is halted or inhibited, there is litfie potenfial for later repair, and the 
consequences are often permanent Postnatally, the human brain confinues to develop, 
and the period of heightened vulnerability therefore extends over many months through 
infancy and into early childhood. While most neurons have been formed by the fime of 
birth, growth of glial cells and myelinisafion of axons continue for several years. A 
broader discussion in the summary of the review of literature regarding the affect of 
TCE on neurodevelopment and behaviour should be included. 

TCE and at least one its breakdown products, DCA, are recognized 
neurotoxicants. In the introducfion ofthe article by White, RF et al., 1997, the authors 
summarize the potenfial mechanisms for the neurotoxicity of TCE. It may be mediated 
by peroxidafion of cell membrane lipids or by specific effects on regulafion of membrane 
fatty acid composifion. The narcofic effect of TCE, an outcome used to define its 
neurotoxicity, may result from disturbed physical-chemical properties of nerve 
membrane or from an increase in the acfivity in one or more ofthe phospoinosifide-
linked neurotransmitter systems. Animal studies clearly indicate that administrafion of 
TCE produces a loss of myelin sheaths in the temporal and occipital cortex as well as in 
the spinal cord and modifies lipid content in the trigeminal nerve. Furthermore, TCE 
damages oligodendrocytes in the hippocampus. In this study of neurobehavioral 
effects, the authors invesfigated three groups of residents who were exposed to TCE in 
well water. A high rate of cognifive deficits of the type seen in patients with CNS 
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dysfuncfion attributable to solvent exposure was seen. Individuals who were exposed 
during childhood (before age 18) showed a greater range of deficits than individuals 
who were exposed as adults. These findings suggest that chronic environmental 
exposure to solvents produces more diffuse CNS damage in children and that children 
with such exposures are especially likely to develop learning disabilifies (White RF et 
al., 1997). 

Reif et al. studied a populafion-based sample of 143 residents of a community in 
Denver in which the municipal water supply had been contaminated with 
trichloroethylene (TCE) and related chemicals from several adjacent hazardous waste 
sites between 1981 and 1986. This study adds to the evidence that long-term exposure 
to low concentrafions of TCE is associated with neurobehavioral deficits (Reif JS et al., 
2003). This was a study exclusively of adults, a much less sensitive populafion than 
children. These two studies are based on orally ingested TCE. In light ofthe paucity of 
research invesfigafing the relafionship between neurodevelopment or 
neurophsychological tesfing in general, and the important of this crucial issue we 
recommend that they should be considered for inclusion in the review. 

TCE is commonly found in combinafion with its breakdown products or other 
toxic compounds used by the same industry. For instance, ATSDR prepared an 
interaction profile for 1,1,1-Trichloroethane, 1,1-dichloroethane, Trichloroethylene and 
tetrachloroethylene. This mixture was found in groundwater sample from 95% of NPL 
sites, in soil samples from 23% ofthe sites and in air samples from 12% ofthe sites. 
Their conclusion was to use a model that assumes additive joint toxic acfion based on 
neurological impairment (ATSDR, 2004). An addifional justificafion for addifional 
protecfive factors, especially when translafing the findings of animals studies, is the 
potenfial for an addifive effect on neurological outcomes. 

At least one fime in this report, an average weight of 20.5 kg was used to 
represent the average weight of children. Page 41 line 3: Assuming the average weight 
of a child is 20.5 kg but the average weight of children varies by age. Probably, the 
most important fime to protect children from the neurotoxic effects of TCE is during 
brain development According to the CDC, the 50'̂  percenfile weight for newborn girls 
and boys is 3.4 kg and 3.6 kg respecfively. By the age of 2, when most central nervous 
system development is complete, the 50 percenfiles are 12 kg and 12.8 kg 
respecfively. Applied to your inifial calculafion, the child adjusted LOEL for CNS effects 
would be 4.3 mg TCE/m3 to 16 mg TCE/m3 at the limits of these parameters. The • 
derived air criteria based on this study after applying an interspecies uncertainty factor 
of 10, a child protective factor of 10 due to increased suscepfibility and an uncertainty 
factor of 10 to account for the use of data obtained in a study with less-than-chronic 
exposure would be 4.3 |jg/m3. 

Pediatrics is built on the understanding that children are not just little adults. 
Taking this into considerafion allows a better understanding of how to prevent harm 
from toxins in their environment In considerafion of an air criteria based on studies 
showing the adverse effects of TCE on adults and animals, a level of 5 pg/m3 may be 
suitable for adults, excluding pregnant women and possibly women of childbearing age. 
However, this same level may not adequately protect more vulnerable populafions such 
as the fetus, the newborn and children of all ages. Therefore we ask that in light of the 
paucity of scienfific studies that look at neurodevelopmental outcomes in this 
populafion, a more precaufionary air criteria be considered in spaces that may be 
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occupied by children. This includes schools, daycares, housing developments and 
recreafional facilifies. One possibility for determining an acceptable air level of TCE is 
to consider a level which is closer to background levels found in homes across New 
York State. 

The Food Quality Protecfion Act, the principal federal statute on pesficides, which 
is based on the 1993 NAS report on Pesticides in the Diets of Infants and Children, 
requires EPA to impose a 10-fold child-protective safety factor into pesficide standards, 
when 

(a) there exist data showing that children have greater or different suscepfibilifies than 
adults, or 

(b) no specific examinafion of pediatric and developmental toxicity of a particular 
chemical has been undertaken. 

It would appear that the second of these two situafions pertains to TCE, since there 
appear to be no epidemiological or developmental toxicological studies of TCE that 
have specifically assessed its potenfial to cause functional impairment in the developing 
brain. 

Recommendations: 
• The summary needs to be clearer on how this air criteria takes the unique 

vulnerabilities of children into account. For instance, where in the models are 
they represented and how the protecfive factor was applied. 

• The discussion should jusfify clearly how the air criteria takes the 3 to 4 fold 
difference in minute venfilafion between adults and children into account 
especially in regards to the mathemafical modeling of theorefical internal 
concentrafions of acfive metabolites. 

• A broader discussion in the summary of the review of literature regarding the 
effect̂ of TCE on neurodevelopment and behaviour should be included. 

• Two studies. White et al. and Reif et al., although they are based on orally 
ingested TCE, should be considered for inclusion in the review. 

• A further justificafion for addifional protecfive factors, especially when 
translafing the findings of animal studies in which a single exposure was 
measured, is the potenfial for an additive effect of mulfiple contaminants on 
neurological outcomes. 

• Further considerafion should be given to the dynamics of early childhood 
growth and development. This includes developmentally appropriate 
behaviors such as playing on the fioor. 

• Considerafion of a two fiered air criteria which takes a precaufionary 
approach should make the air criteria in spaces that are occupied, or 
potenfially occupied, by children closer to background air levels. 

Additional Studies: 

White RF, Feldman RG, Eviator 11, Jabre JF, Niles CA. Hazardous waste and 
neurobehavioral effects: a developmental perspective. Environ Res. 1997;73(1-2):113-
24. 
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Reif JS, Burch JB, Nuckols JR, Metzger L, Ellington D, Anger WK. Neurobehavioral 
effects of exposure to trichloroethylene through a municipal water supply. Environ Res. 
2003 Nov;93(3):248-58. 

Other References:. 

ATSDR. 2003. Computafional Toxicology Laboratory. 
http://www.atsdr.cdc.gov/ribfactsheets/comtox.html last updated June 14, 2004. 
Accessed on August 23, 2005. 

ATSDR. May 2004. Interacfion Profile for: 1,1,1-Trichloroethane, 1,1-Dichloroethane, 
Trichloroethylene, and Tetrachloroethylene. U.S. Department of Health and Human 
Services. Public Health Service. 

Landrigan, PJ, Kimmel, C, Correa A, Eskenazi B. Children's health and the 
environment: public health issues and challenges for risk assessment. 
Environ Health Perspect 2004 Feb;112(2):257-65. Review. 

NYS DOH. February 2005. Guidance for Evaluafing Soil Vapor Intrusion in the State of 
New York. Public Comment Draft. Bureau of Environmental Exposure Invesfigafion. 

To convert concentrations in air (at 25°C) from ppm to mg/m^: mg/m^ = (ppm) x 
(molecular weight of the compound)/(24.45). For trichloroethylene: 1 ppm = 5.37 
mg/m^. To convert concentrations in air from pg/m^ to mg/m^: mg/m = (pg/m^) x (1 
mg/1,000pg). 

Reviewer 

1 assume this means the Execufive Summary. The summary is certainly transparent, 
and provides a high-level abstract of the draft report. 

Given the summary only, one would think that the guideline of 5 ^g/m^ is jusfified. 
However, the relevant quesfion is not whether the Execufive Summary justifies the 
proposed guideline, but rather, does the science that the Execufive Summary 
summarizes jusfify the proposed guideline? That quesfion is moot 

The proposed guideline of 5 ^g/m^ is based on the Summary Table 8.1. It is not clear 
by what procedure the guideline was obtained. After a lengthy, comprehensive, and 
authoritafive review of the scienfific literature, just two paragraphs at the end of the draft 
study are devoted to the derivafion ofthe actual number (p. 174, "a TCE air guideline of 
5 mcg/m^ was selected"). Presumably, the number was based on some sort of weighted 
averaging procedure, or on an esfimate based on the professional judgment of the 
DOH, or some other criteria. The causal reader might think that the number was pulled 
out of a hat. The explicit procedure used to obtain the number 5 \igtm^ needs to be 
stated. 

The appropriateness of the scienfific reasoning to derive the number 5 yigtm^ from 
Table 8.1 is not clear. The DOH has done an excellent job in reviewing crifically the 
scienfific literature and arriving at a well-jusfified air criterion for the effect of TCE on 
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various animal and human systems separately. The selecfion of 5 ^g/m^ from this data 
implies that there was some sort of homogenizafion or averaging ofthe numbers: the 
numbers range from 1 (liver) to 40 (CNS), and the number 5 was taken as the air 
criterion. The averaging over different target/organ systems does not seem to be 
jusfified scientifically. The DOH should consider treating the effect of TCE on each 
target/organ system separately, and chose the most protecfive level based on each 
system, rather than averaging the numbers. If this procedure is followed, an air criterion 
of 1 ng/m^ is obtained (from liver cancer). 

The guideline in this draft document, like other proposed and adopted guidelines for 
TCE concentrafions in air, is driven by cancer considerafions. The 2001 EPA draft 
study, endorsed by its scienfific review board, proposed a range of cancer slope factors 
which lead to a low end air criterion of 0.02 (ig/m^. The EPA draft study was used to set 
sub }ig/m^ guidelines in some EPA Regions but not in others. In New York State, the 
triggers for mifigafion of TCE in homes differ by an order of magnitude in various parts 
of the state, leading to confusion about just what is a safe air level. The NYS DOH draft 
document (Appendix A) states that the EPA was in error by including three studies that 
did not meet the criteria for dose-response assessment. The arguments made in 
Appendix A are justified. However, given the confusion and variafion in operafional 
guidelines set by various federal and state agencies, this draft document needs to be 
more explicit and transparent in just why its guideline is much higher than guidelines 
derived from the 2001 EPA draft study. 

The extensive review of the cancer literature in the draft document seems to indicate 
TCE levels giving 1 x 10'̂  increased cancer risk can be in the range 0.1-1 lag/m^ (e.g., 
p. 132, 133, 141, 147, 149, and 150 ofthe draft document), which prima facia would 
support an air criterion of below 1 yJm .̂ The DOH weighted these studies less. 
However, given the support on this scientific review panel for weighfing the non-
Hodgkin's lymphoma more strongly, an air criterion of less than 1 jag/m^ might be 
jusfified. 

Other comments: 

Background air concentrafions of TCE in the United States are on the order of 0.03 
(rural) and 0.46 (urban) ppb (ASTDR, 1997), which translate into 0.2 (rural) and 2.4 
(urban) fig/m^. Other surveys (table 7-1 of the draft document) also indicate some 
elevated levels of background TCE concentrafion in air. These concentrafions are 
similar to the guidelines proposed by EPA, NYS DOH, and other state agencies. There 
should be more detailed discussion in the draft document about how ambient air 
concentrafions at or above proposed guidelines will affect toxicity. 

336 

AR100705



Attachment E 

Summary Points from TCE Review Panel 
Discussion of Health Statistics Review 

1. Does this health statistics review affect the discussion/conclusions about 
trichloroethene's toxicity in the criteria document in a substantive manner? 

• Members of the panel stated that the ecological design of the health stafisfics review 
prevented it from being ufilized as part of the toxicological review and risk 
assessment in the air criteria document However, the panel expressed appreciafion 
for receiving the review for considerafion and noted that the health stafistics review 
provided relevant ancillary informafion. 

2. Do you have any comments or suggestions about follow-up activities, 
including those we are recommending? 

A variety of comments were made about appropriate follow-up due to the review's 
findings of elevafions. 

• Reviewers expressed the opinion that the results did merit some type of follow-up, 
particularly to examine residenfial, occupafional and smoking histories as well as to 
addifionally evaluate whether socioeconomic factors played a role in the findings. 

• Further analyzing informafion from exisfing sources, such as particular cell type 
listed in the Cancer Registry, was suggested. 

• The reviewers suggested that birth outcomes merited more attenfion for follow-up 
since the latency period is shorter than for cancer, making environmental exposure 
assesshnent more feasible. 

• Reviewers suggested that better quanfificafion of exposure, including a variety of 
exposure routes and sources, would strengthen follow-up steps. 

• Reviewers caufioned that the small numbers of health outcomes would make it 
difficult to conduct a case-control study for the Endicott study area alone. The 
suggesfion was made to consider studying mulfiple sites across New York State with 
similar exposures to increase study power. Quesfions were raised, however, about 
the utility of addifional study using case-control methods and a larger total populafion 
due to the lack of power for studies of such rare health outcomes, such as heart 
defects. Concerns were also expressed about finding areas with similar exposures. 

• Another issue pointed out as a limitafion of conducfing addifional study was that a 
second study might provide false negafive or false posifive findings due to factors 
not able to be controlled such as populafion mobility, small numbers, or exposure 
misclassificafion. 
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Reviewers menfioned that recall bias would be an issue for a case-control approach. 
Others noted that recall bias was less of a problem for basic informafion such as 
smoking, employment and residenfial histories. 

One reviewer noted that the suggestive excess in lung cancer suggests that 
smoking might be a factor in the kidney cancer excess, and some type of limited 
follow-up that could address this issue was warranted. 

One reviewer emphasized that a study might be appropriate as part of a response 
plan to address community concerns, but might not be able to advance scientific 
knowledge on the relafionship of TCE exposure and health outcomes. The 
disfincfion between these two goals should be considered in developing a follow-up 
approach and should be discussed with the community. 

Reviewers emphasized confinued communicafion with the community, including 
explanafions ofthe strengths, limitafions, and abilifies of proposed steps. 

338 

AR100707



Biographical Information 
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and internafional panels and working groups related to the idenfificafion of causes of 
human cancers, including the Internafional Agency for Research on Cancer, the 
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Appendix 4. Response to Comments of Trichloroethene (TCE) Panel 

Nine scientists with expertise in toxicology, epidemiology, or public health were asked to 
critically review the "Draft Report Trichloroethene Air Criteria Document" dated August 2005, 
prepared by staff of the New York State Department of Health (NYS DOH). On August 25 and 
26, 2005, the NYS DOH convened a Trichloroethene (TCE) Panel Meeting in Albany, NY to 
discuss and review the draft air criteria document. After the meeting, a consensus report was 
prepared by the TCE Panel and submitted to NYS DOH (Appendix 3, Final Report of TCE 
Panel). 

Before the meeting, NYS DOH asked panel members (Appendix 3, Attachment A. Panel 
Composition) for general comments on any part ofthe draft criteria document. We also asked 
for comments specific to six questions (Appendix 3, Attachment B. Panel Charge) for which we 
wanted written consensus (if possible) comments. We asked each panel member to focus on two 
questions appropriate to their area of expertise. We requested that panel members send us their 
draft comments before the meeting, but panel members had the opportunity to submit or modify 
their individual comments after the meeting (Appendix 3, Attachment D. Individual Responses). 

All comments ofthe TCE Panel (i.e., consensus) or its members (i.e., individual) were 
considered during the revision ofthe draft criteria document. The consensus comments were 
consistent with some, but not all, ofthe individual comments. This is not surprising given the 
difficulty and complexity ofthe issues and the diversity of scientific expertise and professional 
affiliation of panel members. We gave greater weight to the consensus comments in.the revision 
of the criteria document. -

Part 1 - Response to Consensus Comments of Trichloroethene (TCE) Panel 

In this section, we provide responses to substantive consensus comments ofthe TCE 
Panel that required a response of clarification or explanation. The comments and responses are 
organized into six specific areas, which correspond roughly to the six questions presented to the 
TCE Panel in their Charge (see Appendix 3, Attachment B). The comments are paraphrased to 
facilitate identification of core issues contained within each consensus comment. All referenced 
Sections or Tables are those in the final criteria document. 

1. Criteria Based on CNS Effects 

Comment 1. The choices of Rasmussen et al. (1993) as the critical human study and Arito et al. 
(1994) as the critical animal study for CNS effects are appropriate. 

Response 1. We agree. However, upon re-evaluation ofthe CNS studies by Rasmussen et al. 
(1993) and Arito et al. (1994), we revised the method for estimating a point-of-departure from 
the Rasmussen et al. study (Section 3.1.3 Potential TCE Air Criteria Based on Central Nervous 
System Effects) and increased the weight we gave to criteria based on the Rasmussen et al. 
(1993) study (Section 3.1.5 Selection of Recommended Criteria). We also revised the criteria 
based on the Arito et al. (1994) study in response to comments (Section 3.1.3). Lastly, we 
derived childhood-specific criteria based on both studies (Section 3.1.4 Potential Childhood-
Specific TCE Air Criteria Based on Central Nervous System Effects). 

In summary, the recommended criterion based on the Rasmussen et al. (1993) study was 
revised from 40 mcg/m'' to 11 mcg/m'' (aduh and childhood-specific) and the recommended 
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criterion based on the Arito et al. (1994) study was revised from 40 to 13 mcg/m^ (adults) and 
3.9 mcg/m'' (childhood-specific). However, the recommended criterion based on CNS effects 
was based on Rasmussen et al. (1993) because of its strengths (a chronic human study with 
clinical data on CNS effects and concurrent biological monitoring) and the limitations associated 
with using a LOEL from the short-term study (6 weeks) in animals (Arito et al., 1994) as the 
basis for an air criterion for evaluating chronic human exposures. 

Comment 2. The uncertainty factor of 3 applied to the LOEL from the Arito et al. (1994) study 
to compensate for extrapolation of LOEL to NOEL may be too low. 

Response 2. The uncertainty factor for extrapolation from a LOEL to a NOEL in the Arito et al. 
(1994) study was changed from 3 to 10 (Section 3.1.3). 

Comment 3. The potential air criterion based on CNS effects for children should consider 
children aged 0-2 years. Some additional factors to be considered are mass factors 3.5 kg /70 kg 
(newborn/adult), 12.4 kg/70 kg (2 yr old/adult), and ventilation factors (0.4 L/min /(0.15 L/min) 
(newborn/adult). One way to express this is ventilation/mass. 

Response 3. We agree that criteria specific for evaluafing the potential health risks from 
childhood exposures should be an important part ofthe criteria document. Consequently, we 
reviewed the scientific literature on proposed methods for the extrapolation of exposures fi-om 
adult animals or adults to children. Based on our review (Section 3.0 Non-Carcinogenic 
Effects), we concluded that adult to children extrapolations should be based on the default 
dosimetric guidance recommended by US EPA (1994) for extrarespiratory effects of Category 3 
gases (such as TCE). US EPA (1994) showed that using the Category 3 gas guidance for default 
dose extrapolation from animals to humans results in exposure estimates in human adults 
(i.e., Human Equivalent Concentrations) that are generally lower (i.e., more conservative) than 
the older default approach based on intake per unit body weight. Moreover, using reference 
values for body weights and inhalation rates in experimental animals (adult rats and mice) and 
humans at varying ages shows that this relationship holds regardless of human age, including 
ages from birth to 2 years (i.e., 6 months and 1 year, Table 3-0). Thus, age-specific inhalation 
rates and body weight were not used in the derivations of child-specific air criteria based on CNS 
(or liver or kidney) effects of TCE. 

Comment 4. The potential air criterion for children should be discussed separately from that of 
adults and include neuro-developmental effects. The develojjing brain is more susceptible to 
toxins than the brain of adults. In considering childhood sensitivity, the addition of a factor fo 
address lack of adequate data on the neurodevelopmental endpoints should be considered. 

Response 4. We agree that childhood-specific criteria should be based on CNS effects. Thus, 
vve added a new section to the final criteria document (Section 3.1.4 Potential Childhood-
Specific TCE Air Criteria Based on Central Nervous System Effects). In this section, we derived 
childhood-specific criteria using the same critical human and animal studies that were used to 
derive adult criteria. Uncertainty factors were used, when necessary, to compensate for the use 
of a LOEL, a less-than-chronic study, interspecies variation, and intraspecies (human) variation. 
In addition, all criteria were derived with the use of an uncertainty factor of 3 to compensate for 
lifestage variability in sensitivity to the same internal dose (pharmacodynamics). This factor is 
used because of evidence that developing CNS of infants and children might be more sensitive 
than the adult CNS to the same internal dose. 
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Comment 5. The different approaches ofthe NYS DOH and the ATSDR to extrapolate the 
animal exposure in Arito et al. (1994) study to a human equivalent concentration (a dosimetric 
adjustment) should be explained. 

Response 5. The draft NYS DOH (2005) and ATSDR (1997) derivations of criteria from the 
LOEL ofthe Arito et al. (1994) animal study both adjusted the experimental exposures to 
continuous exposure using time-weighting (e.g., experimental exposures at LOEL x 8/24 hours . 
5/7 day = adjusted LOEL). However, ATSDR (1997) used a dosimetric adjustment based on 
inhaled dose expressed as mg TCE/kg/day. First, ATSDR calculated a rat's inhaled dose at the 
adjusted LOEL using standard body weights and daily inhalation rates for rats. Then, standard 
body weights and daily inhalation rates for humans were used to back calculate the air 
concentration (i.e., the human equivalent concentration, or HEC) where the human inhaled dose 
would be the same as that of rats at the adjusted LOEL. As discussed in Section 3.0, this method 
of calculating a HEC is inconsistent with recommended US EPA (1994) methodologies for 
estimating HECs for systemic effects of Category 3 gases such as TCE. The preferred method 
for estimating HECs from animal exposure concentrations is based on PBPK models, which we 
used in the criteria document to extrapolate the results of Arito et al. (1994) to humans (Section 
3.1). We also used the US EPA (1994) recommended default extrapolation method (based on 
equal internal dose at equal air concentration) for systemic effects of Category 3 gases such as 
TCE (Section 3.1), but gave criteria less weight than those based on PBPK models. Additional 
material was added to Section 6.0 Current Standards and Guidelines to describe in detail the 
methods used by ATSDR to calculate their minimal risk level. Thus, information that allows an 
interested reader to evaluate all three approaches to cross-species dosimetric adjustments is 
contained in the final criteria document. 

2. Criteria Based on Male Reproductive Effects 

Comment 6. The National Toxicology Program (NTP) continuous breeding study with rats 
(NTP, 1986) should be considered as a basis for deriving a potential air criterion for the male 
reproductive toxicity endpoint. 

Response 6. We evaluated the NTP (1986) rat reproductive assessment by continuous breeding 
(RACB) study and used it to derive potential air criteria (Section 3.4.3 Potential Air Criteria for 
TCE Based on Reproductive Effects and Table 3-14d). It cannot be determined whether the 
critical effect associated with dietary TCE exposures in this study (decreased mean pups/litter) 
was due to the effects of TCE on females and/or males. Overall, however, this study and our 
analyses added to the weight-of-evidence that TCE may be a reproductive toxicant. Potential air 
criteria based on the NTP (1986) study as well as potential criteria based on other animal studies 
of male reproductive effects (Land et al., 1981; DuTeaux et al., 2004; Kumar et al., 2000; 2001) 
are summarized in a new Table 3-16. 

Comment 7. The oral and inhalation reproductive studies should be compared on a mg/kg body-
weight basis (e.g., mg inhaled or ingested/kg body weight/day). 

Response 7. We agree with the concept of comparing effect levels identified in inhalation and 
oral studies of male reproductive effects. We compared studies using applied doses (mg/kg 
body-weight) and internal dose metrics (e.g., AUC TCA as mg-hr/L). However, intemal doses 
(estimated via the use of PBPK models) are preferred over applied dose estimates because they 
better compensate for differences in species pharmacokinetics and the frequency (daily and 
weekly) and duration of exposures. These comparisons are summarized in new Table 3-15. 
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Comparisons based on AUC TCA dose metrics suggest that mouse effect levels for inhalation 
and oral exposures are similar, rat effect levels for inhalation and oral studies are similar, and 
mouse effect levels are higher than rat effect levels. Collectively, these data add to the weight-
of-evidence that TCE may be associated with male reproductive toxicity in rats and mice, 
regardless of exposure route (oral or inhalation) and exposure duration (5 days to 14-24 weeks). 

Comment 8. Studies with sensitive measures of reproductive toxicity (i.e., Kumar etal. 2000; 
2001; DuTeaux et al., 2004) should receive more weight than the Land et al. (1981) study in 
deriving potential air criteria based on male reproductive effects. 

Response 8. In the draft criteria document, we used two studies (DuTeaux et al., 2004; Land et 
al., 1981) to derive potential criteria based on male reproductive effects, and based the 
recommended criterion for male reproductive effects on the Land et al. (1981) study. We share 
the Panel's concern about over-reliance on the Land et al. (1981) study, and derived new 
potential criteria based on two additional studies (Kumar et al., 2000; 2001; NTP, 1986). 

Our analysis ofthe four critical studies (Section 3.4.3 Potential Air Criteria for TCE 
Based on Reproductive Effects) support the use of all studies in the derivation of a recommended 
criterion based on male reproductive effects. We also concluded that the inhalation studies 
(Land et al. 1981; Kumar et al., 2000; 2001) should be given greater weight than the oral studies 
(DuTeaux et al., 2004; NTP, 1986) in the derivation of a recommended air criterion based on 
male reproductive effects. Our analysis of strengths and limitations ofthe Land et al. (1981) and 
Kumar et al. (2000; 2001) studies did not provide compelling evidence to reject the use of either 
study in criteria derivation nor did it provide compelling evidence to base criteria solely on the 
results of either study. Consequently, potential criteria from both inhalation studies were given 
similar weight in the derivation of a TCE criterion based on male reproductive effects. This 
decision effectively reduced the weight given to the Land et al. (1981) study. The recommended 
criterion (20 mcg/m )̂ is based on the Kumar et al. (2000; 2001) study, and was supported by 
potential criteria based on three other critical studies (Land et al., 1981, and two oral studies, 
DuTeaux et al., 2004; NTP, 1986). 

Comment 9. The document should include a discussion of human interindividual variation, 
particular due to TCE metabolism, to explain the use ofthe adjustment (uncertainty) factor for 
that purpose in deriving potential air criteria. 

Response 9. Human variability is discussed in three areas ofthe final criteria document. 

(1) The Bayesian derivation of posterior mean parameter estimates reported by Bois 
(2000b) in his analysis ofthe Clewell et al. (2000) PBPK model (Appendix 2) incorporates 
empirical observations of individual human TCE pharmacokinetics. These data reflect some 
human pharmacokinetic variability, although the data represents a small number of volunteers 
and are limited with respect to factors such as gender, age, and general health status, 

(2) Human variation in the derivation of criteria is addressed by the use of an uncertainty 
factor. We added a short statement on the limited data on human variation in TCE 
pharmacokinetics to the section on the derivation of potential criteria based on non-carcinogenic 
effects on the CNS, liver, kidney, male reproductive system and developing organisms (3.0 Non-
Carcinogenic Effects). We did not find sufficient information on human variation to depart from 
a 10-fold uncertainty in the derivation of criteria based on non-carcinogenic effects (Pastino et 
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al., 2000). This decision is consistent with TCE reference concentration derivations performed 
in US EPA (2001a), Barton and Clewell (2000), and others (e.g., ATSDR, 1997). 

(3) We considered the potential for general pharmacokinetic differences between 
populations of children and adults (Section 3.0) and also considered the potential for differences 
between children and adults in their pharmacodynamic response in the CNS, liver, and kidney 
(Sections 3.1.4, 3.2.4, and 3.3.4, respectively). 

Comment 10. A further consideration is that the mechanism by which TCE causes testicular 
toxicity may be ongoing in causing effects in the general population, and other xenobiotic and 
endogenous exposures may be involved, thus raising the possibility of dose additivity and 
variable sensitivity. It would be reasonable for NYS DOH to also discuss this issue in conveying 
the extent of potential variability in response as well as the extent to which the results may be 
conservative. 

Response 10. The degree to which testicular metabolic variability contributes to variability in 
response for male reproductive effects in humans exposed to TCE is unknown. Although CYP 
activity has been shown to be present in human male reproductive tissues (as discussed in the 
criteria document), the dominant isoforms involved, whether CYP polymorphisms commonly 
occur in these tissues and the relative contribution of local versus liver metabolism to 
reproductive-tissue metabolite concentrations in human males are unknown. 

Other factors (e.g., disease states, genetic, gender, lifestyle choices) suggested as possibly 
contributing to variability in response (e.g., pharmacodynamic variability) are considered, in 
part, by the use of intraspecies (human variation) uncertainty factor by the use of health-
protective assumptions and choices in the risk assessment! Health-protective choices are those 
that more often than not lead to an overestimation of risk for most people. Consequently, TCE 
health-based criteria are, as are most criteria, more likely to overestimate health risks than to 
underestimate health risks for most people (Section 8.1 Recommended TCE Air Criteria and 
Uncertainties). However, it is difficult to determine the degree to which the risk is overestimated 
for most people and underestimated for those who are hypersenstive to TCE. Thus, such 
estimates were not provided in the final criteria document. 

The potential influence of exposures to mixtures of xenobiotic chemicals to the risks of 
TCE is best addressed on a case-by-case basis (see Response 32) because the likelihood of 
interactions with TCE is likely to vary with the nature ofthe mixture. NYS is planning to train 
staff engaged in environmental investigations to recognize the need for a carefiil evaluation of 
potential human health effects of chemical mixtures. Thus, the effects of other chemicals on the 
toxicity of TCE are not discussed in the final criteria document. 

3. Criteria Based on Developmental Effects 

Comment 11. The Dawson et al. (1993) drinking water studies indicated the presence of 
congenital heart defects (CHD). There is considerable uncertainty in dose-response because 
there are three orders of magnitude between the NOEL and LOEL dose levels. A second study 
(Fisher et al., 2001) where TCE was administered by gavage, done in collaboration with the 
Dawson group, found no evidence for CHD. A high level of CHD in control animals was found 
in this study suggesting a high tendency for false positives with the methods used. While the 
panel had concerns about the conflicting studies, there are other data suggesting some potential 
for TCE to cause CHD: chick embryo studies, the ability TCE metabolites to cause CHD. The 
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ability of TCA to cause cardiac effects should be discussed in the context of how much this 
metabolite would be formed after TCE administration 

Response 11. The induction of heart defects in fetuses of rats exposed to TCE in drinking water 
has been reported by one group of investigators (Dawson et al., 1993; Johnson et al., 1993; 
Johnson, 2005). Fetal heart defects were identified as an important developmental endpoint for 
several reasons. (1) Congenital heart defects in humans were associated with TCE exposures in 
epidemiological studies of two different human populations (Goldberg et al., 1990; Yauck et al., 
2004; Yauck and McGarver, 2005). (2) Other scientists reported that large doses of TCE 
metabolites (TCA and DCA) induced fetal heart defects in rats (Table 3-22). (3) Studies show 
that TCE induced heart defects in chick embryos. (4) Studies using mammalian hearts and cells 
provided evidence that TCE alters expression of several genes important to heart development, 
and thus, provides evidence for a plausible mode-of-action for TCE-induced heart defects. 

However, these data do not address concerns about methodological and interpretative 
issues identified during the NYS DOH review ofthe studies (Tables 3-20 and 3-21). Nor do 
they address other issues raised in recent reviews (Hardin et al., 2005; Watson et al. 2006). 
These include concerns about the reliability ofthe technique to identify heart defects and failures 
of recent studies (Dow Chemical Company, 2001; Fisher et al., 2001) to detect TCE-induced 
fetal heart defects in rats, even though the studies used sufficiently high exposure levels and 
adequate heart dissection techniques. Consequently, the Dawson et al. (1993) study does not 
provide definitive information on a causal relationship between TCE exposure and the incidence 
of heart defects. It is not identified as a critical study in the final criteria document. It is, 
however, identified as a supporting study because its results and criteria based on its results 
provide insight and information to support criteria based on other developmental effects of TCE 
(Section 3.5.3 Potential Air Criteria Based on Developmental Effects) and for a TCE air 
guideline (Section 8.0) 

Comment 12. The National Toxicology Program (NTP, 1986) continuous breeding study with 
rats should be used in the derivation of air criteria based on developmental toxicity. 

Response 12. We agree. We reviewed the study (NTP, 1986) and identified a LOEL of 75 
mg/kg/day based on decreased male and female pup weights at 21 days of age. We derived 
potential air criteria based on both a LOEL and a BMDLio using default and internal dose 
metrics (Tables 3-23c and 3-23d). The air criteria based on these data are generally consistent 
with air criteria based on analyses of other developmental studies and add to the weight-of-
evidence that TCE may be a developmental toxicant. The final recommended criterion (20 
mcg/m'') protective ofthe developmental effects of TCE is based primarily on the recommended 
criteria derived from the NTP (1986) and Isaacson and Taylor (1989) studies (also see next 
response). 

Comment 13. The Isaacson and Taylor (1989) study of neurological effects in young rats should 
be used in the derivation of air criteria based on developmental toxicity. 

Response 13. We agree. Isaacson and Taylor (1989) was identified as a critical study in the 
final criteria document and was used along with the NTP (1986) study as the primary basis for 
the final recommended criterion (20 mcg/m )̂ protective ofthe developmental effects of TCE 
(Section 3.5.3 Potential Air Criteria Based on Developmental Effect and Tables 3-24 and 3-25). 
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Comment 14, An earlier comment that derivations scale exposures/doses appropriately for 
children was repeated. 

Response 14. We agree (see Response 3). We used the default dosimetric guidance 
recommended by US EPA (1994) to scale adult exposures to children in our derivation of 
childhood-specific criteria based on CNS, liver, and kidney effects. However, we did not scale 
exposures/doses associated with developmental effects to children because we were unable to 
estimate accurately exposures/doses ofthe sensitive lifestage (e.g. embryo, fetus, or nursing pup) 
from the parental exposures. Instead, we assumed that if the parental dose at the criteria was 
substantially below the parental dose associated with developmental effects, then the dose to the 
sensitive lifestage would be substantially below the minimum dose (i.e., threshold) for effects in 
the developing organism. In this approach, scaling the adult dose to children was not necessary. 

Comment 15, In addition to the CHD (congenital heart defects) derived criteria, it is 
recommended that the NTP continuous breeding study and neurological effects in offspring, fetal 
and early childhood exposures and uncertainty factors be used in the derivation of air criteria for 
developmental toxicity 

Response 15. As indicated in earlier responses (11, 12, 13, and 14), we derived criteria based on 
four studies (Healy et al., 1982; Isaacson and Taylor, 1989; Dawson et al., 1993; NTP, 1986) and 
four different developmental endpoints from early pregnancy (resorptions), later pregnancy 
(congenital heart defects) and post-natal effects (neurological effects and decreased pup weight). 
We used uncertainty factors in the derivation of criteria based on these developmental effects. 
However, we did not use a separate uncertainty factor for the potentially increased sensitivity of 
children because the affected lifestages in the developmental studies ((e.g. embryo, fetus, or 
nursing pup) were considered a sensitive lifestage and thus, an adequate surrogate for children. 
Thus, an uncertainty factor for a sensitive lifestage (e.g., children) was unnecessary in the 
derivation of criteria based on developmental effects. 

4. Criteria Based on Carcinogenic Effects Observed in Animals 

Comment 16. The fact that TCE is a multi-species and multi-site carcinogen with a combination 
of both malignant and benign tumors should be fiirther emphasized in the document because 
these data coupled with the human data have led several authoritative bodies (US EPA, NTP, & 
lARC) to the conclusion that TCE is on the cusp between a known and probable (likely, 
reasonably anticipated to be) human carcinogen. Thus, the NYS DOH should have flexibility in 
using risk levels of both 1 in 10'̂  and 1 in 10"̂ . 

Response 16, We agree with the conclusion that TCE is on the cusp between a known and 
probable human carcinogen. However, our goals when setting guidelines for carcinogens 
(human and/or animal) is that the estimated excess lifetime human cancer risk, assuming 
continuous exposure, should not exceed 1 x 10"'', approaching 1x10"^ as practical. The excess 
lifetime human cancer risks at the NYS DOH TCE guideline of 5 mcg/m'' (assuming continuous 
exposure for 70 years) range from 2 in 10'̂  to <1 in 10'̂  when based upon the recommended 
animal cancer sites and dose metrics or when based on the human data on TCE-exposed workers 
(Hansen etal., 2001). 

Comment 17. One reviewer detailed evidence in support of peroxisome proliferation as a MOA 
for mouse liver tumors and suggested criteria based on liver tumors in mice should be accorded 
less weight in the criteria document. Other panel members felt that the peroxisome proliferation 
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evidence was suggestive but not sufficiently strong to rule out mouse liver tumors as an 
important data set in risk assessment because of knowledge gaps in the proposed mechanism 
and reports in the scientific literature that TCE exposure is associated with increased liver 
tumors in humans. 

Response 17. Additional material on peroxisome proliferation as the mode-of-action for liver 
carcinogenesis in mice and the possibility that humans might be less sensitive than mice to the 
effects of peroxisome proliferations was added to the text (Section 5.4 Recommended TCE Air 
Criteria Based on Carcinogenic Effects). However, the overall evidence remains insufficient to 
dismiss liver cancer in mice as a surrogate for human cancer, particularly given the evidence 
suggesting TCE is a risk factor for human liver cancer. Thus, we decided not to change the 
ranking of liver cancer. Criteria based on liver cancer in mice were given greater weight in the 
derivation ofthe TCE guideline than criteria based on testes tumors or lung cancers. Criteria 
based on kidney cancers were also given greater weight than those based on testes tumors or lung 
cancers. The relative importance of criteria based on liver or kidney cancer in the derivation of 
the TCE guideline was reduced slightly by the elevation of criteria based on lymphomas in mice 
into the category of criteria given greater weight in the derivation ofthe guideline (Table 5-39). 

Comment 18. Some panel members commented that NYS DOH should consider elevating the 
mouse lymphoma data to Tier 1 status. They noted that the data did not permit rejection of a 
positive dose response and that epidemiological studies have reported an association between 
NHL and TCE exposure. Evidence for this contention was detailed in one review and included 
reasons why meta analyses can mask important findings. Another panel member questioned the 
consistency ofthe association between TCE exposure and the incidence of NHL. In any event, 
the peer review panel agreed that site concordance between animal and human studies should not 
be a requirement for using animal studies in cancer risk assessments. 

Response 18. Our re-analysis ofthe study on the induction of lymphomas in mice exposed to 
TCE (Henschler et al., 1980) indicated that there was insufficient evidence to support the draft 
conclusion that evidence linking TCE exposure with lymphomas in mice was weakened by the 
possibility that the lymphomas were caused by a mouse virus. Thus, the discussion in was 
revised (Section 5.4 Recommended TCE Air Criteria Based on Carcinogenic Effects, Criteria 
Based on Animal Data, Malignant Lymphoma). Moreover, our review ofthe human data on the 
relationship between TCE exposure and NHL (summarized in Table 5-10) and our review of 
data on the relationship between exposure to organic solvents and NHL (Section 5.1, Summary 
of Human Studies) strongly suggest that exposure to TCE in particular and organic solvents in 
general are risk factors for NHL. Thus, the criteria based on the mouse lymphoma were 
elevated into the category of criteria that were given greater weight in the derivation ofthe 
guideline than were criteria based on testes tumors or lung cancer. 

The draft criteria document (Section 5.4, Criteria Based on Animal Data) was revised to 
indicate that an important factor in support of using animal studies in human cancer risk 
assessment is evidence on a common mode-of-action in humans and animals. Site concordance 
between animals and humans shows the chemical induces a carcinogenic effect in the same 
organ, which suggests that humans and animals share a common mode-of-action. It increases 
the weight of evidence for a common mode-of-action. However, the lack of concordance by 
itself is insufficient for ranking the degree of confidence in an animal cancer as a surrogate for 
human cancer as lower rather than iiigiier. 
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Comment 19. Several panel members recommended that the NYS DOH organize the cancer 
tables according to tumor site in addition to organizing them by study. 

Response 19. Tables summarizing the epidemiological data on liver cancer, kidney cancer, non-
Hodgkin's lymphoma, Hodgkin's Disease, esophageal cancer, and cervical cancer were added to 
the final criteria document (Tables 5-9 through 5-14). The tables contain data from studies of 
populations with known or probable exposure to TCE (i.e., individuals identified or classified as 
exposed to TCE based on urinary biomarker data, air measurements, job exposure matrices, 
and/or job histories). 

Comment 20. Panel members recommended that the NYS DOH examine other data and models 
(in addition to Clewell) for deriving model parameters. This would help to describe the range of 
inter-individual variations in metabolite formation and tumor responses. 

Response 20. At the time the modeling work was undertaken, the Fisher and Clewell models 
published in the Environmental Health Perspectives May 2000 supplement, along with the 
Bayesian analysesby Bois represented the state ofthe science (Bois, 2000a,b; Clewell et al., 
2000; Fisher, 2000). We did consider all four possible combinations of model structures and 
parameter sets and chose to implement the Bois (2000b) parameter set for the Clewell model 
structure for the reasons explained in Section 2.5 Physiologically Based Pharmacokinetic 
Models. The use ofthe Bois parameterization not only reflects possible correlations among 
model parameters, but also reflects the influence of many different data sets on the posterior 
parameter distributions, and so is indirectly reflective of sources of variability in parameter 
estimates. More recent work to fiirther refine these models, including a final "harmonized" 
PBPK model, was not completed in time for inclusion in the final criteria document. 

The (2000b) Bayesian analysis provides variance estimates for all model parameters that 
represent both interindividual variability as well as parameter uncertainty. In principal, 
uncertainty in modeled dosimetry estimates could be estimated via Monte Carlo simulations of 
each dosimeter, based on the posterior parameter distributions presented by Bois. Rhomberg 
(2000) used posterior distribution simulations for animal and human dosimeters from the Bois-
Clewell analysis for three cancer data sets (mouse liver, mouse lung and rat kidney) and 
estimated overall human potency uncertainty based on a theoretical relationship for the 
geometric standard deviation ofthe ratio of two log-normal distributions. He found potency-
estimate uncertainties that ranged from about 10-fold above and below the median potency 
estimate to 140-fold above and below. Those results suggest that at least some point estimates 
of human potency derived through the multi-step PBPK dosimetry process can be expected to be 
quite uncertain. However, it is unclear whether a full simulation analysis where distributions of 
points of departure were generated based on sampling from (modeled) empirical dosimeter 
distributions through the multi-step animal-to-human extrapolation process would be reflective 
of this level of predicted uncertainty. To fully explore this aspect of PBPK uncertainty for all 
the modeled dose-response data sets used to derive potential criteria would be a computational 
research project beyond the scope ofthe current document. 

Comment 21. Inter-individual variation was not considered in the estimate of cancer risk using 
linear, low-dose extrapolation. 

Response 21. In the draft criteria document, cancer risk estimates were derived using linear, 
low-dose extrapolation methods consistent with US EPA (2005a) recommendations. These 
estimates are generally considered to represent an upper bound on the average risk in a 
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population or the risk for a randomly selected individual. They do not represent the risk for a 
highly susceptible or highly resistant individual or group. However, US EPA (2005a,b) believes 
that the recommended methods, including the use of an upper bound estimate of risk for a given 
dose and the assumption that humans have a sensitivity similar to the most sensitive cancer 
site/sex/strain/species, provides adequate public health conservatism in the absence of chemical-
specific data indicating otherwise. 

Recent US EPA (2005b) recommendations indicate the need to adjust cancer risk 
estimates, when possible, for age-dependent inter-individual variation caused by age-dependent 
differences in the sensitivity to the carcinogenic effect of chemicals. This adjustment would 
apply only to those cancers whose mode-of-action may involve mutagenicity (genotoxicity). 
This compensates for the possibility that children may be more sensitive than adults to 
carcinogenic exposures. Thus, we adjusted (when possible) the cancer risk estimates for those 
cancer sites where mutagenic events may be involved in the carcinogenic mode-of-action (liver, 
kidney, and lung). 

Comment 22. The panel noted that non-linear extrapolation procedures, when used, did not 
include uncertainty factors for pharmacodynamics. 

Response 22. This choice is consistent with the US EPA/FDA science paper on the cross-species 
scaling factors for carcinogen risk assessment (US EPA, 1992), which suggests that equal 
lifetime exposures lead to equal lifetime cancer risk. Both measures of dose used in the high-to-
low-dose and cross-species extrapolation (lifetime average daily exposure level, LADE or 
lifetime average daily internal dose, LADD) are assumed to represent equal lifetime target 
tissues in animals and humans. The assumption that equal LADE lead to equal lifetime intemal 
dose is consistent with the physical-chemical properties of TCE indicating it is a Category 3 gas 
characterized by ratios of animal to human blood:air partition coefficients that generally exceed 
1 (US EPA, 1994). Our approach is scientifically credible and consistent with empirical 
observations of cancer incidence across species (US EPA, 1992). 

Comment 23. It was noted that available evidence is inadequate to justify using non-linear 
results in deriving the air criterion for cancer effects. 

Response 23. We calculated potential cancer criteria using non-linear, low-dose extrapolations 
based on five cancer/tumor sites in animals (liver, kidney, lung, testes, and lymphoma). 
However, recommended criteria for two of these sites (testes and lymphoma) did not include 
criteria based on non-linear, low-dose extrapolation (Tables 5-38 and.5-39) because the 
evidence on mode-of-action for these sites was unknown, and it such cases, linear approaches are 
recommended (US EPA, 2005a). For three sites (liver, kidney and lung), recommended criteria 
were those derived using linear and non-linear low-dose extrapolation (Tables 5-38 and 5-39), 
which also is consistent with US EPA (2005a) recommendations when data support both linear 
and non-linear modes-of- action. However, all criteria based on lung cancer in mice were given 
less weight in the derivation ofthe TCE guideline because of concems about the human 
relevance of mouse lung cancers. 

Comment 24. The panel noted that weight-of-evidence on kidney tumor provide strong evidence 
in support of linear dose response for kidney tumors. This supports consideration of a factor to 
account for early-in-life exposure following the US EPA (2005b) guidelines. These issues 
should be discussed further in the document. 
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Response 24. We agree. We added a new section to the criteria document (Section 5.3 Potential 
Air Criteria Based on the Potentially Increased Sensitivity of Children to the Carcinogenic 
Effects of Early-Life TCE Exposures). In this section, we followed US EPA (2005b) 
recommendations oh calculating potential criteria that account for early-life TCE exposures 
(called adjusted criteria in the criteria document). Consistent with US EPA guidelines, we 
calculated adjusted criteria for the three animal sites (kidney, liver, and lung) with evidence to 
support a mutagenic (genotoxic) component to the carcinogenic process (Tables 5-36 and 5-37). 
We did not calculate adjusted criteria based on human data (NHL and esophageal cancer) or 
some animal data (testes and lymphoma) because data on carcinogenic mode-of-action for these 
sites are insufficient to conclude confidently a mutagenic component. In such cases, the 
unadjusted values are recommended for use in evaluating exposures. We based the adjusted 
criteria on the use of LADE as the dose metric. We were unable to calculate criteria based on 
intemal dose metrics because validated TCE PBPK models for children are unavailable and 
because of additional uncertainties associated with estimating model parameter values for 
children. 

Criteria given greater weight in the derivation ofthe TCE guideline included both 
adjusted and unadjusted criteria based On kidney cancer in animals (Tables 5-38 and 5-39) 
because the evidence on mode-of-action suggests other factors besides mutagenicity are involved 
in the carcinogenic process. The adjusted criteria based on liver cancer and lung cancers were 
given less weight in the derivation ofthe TCE guideline because they were not based on the 
recommended dose metric (liver cancer) or were not a recommended site (lung) (Tables 5-38 
and 5-39). 

Comment 25. The NYS DOH should consider doing simulations with mixed mechanism 
assumptions (both linear and non-linear) as both mechanisms are likely involved in some tumor 
responses. 

Response 25. To properly analyze and evaluate the potential role of mixed mechanisms 
assumptions in the derivation of potential criteria would be a computational research project 
beyond the scope ofthe criteria document. Moreover, the current uncertainties associated with 
these approaches for TCE cancers might compromise our confidence in the resultant potential 
criteria. 

5. Criteria Based on Carcinogenic Effects in Humans 

Comment 26. The rationale to utilize the human epidemiologic studies for weight of evidence 
support for the animal carcinogenicity studies rather than as the primary for the quantitative 
cancer risk assessment is appropriate. However, the NYS DOH may want to consider the human 
studies to a greater extent when weighting the cancer evidence to establish a guideline. 

Response 26. We agree. We used the qualitative and quantitative data on the human 
carcinogenicity of TCE to support the guideline of 5 mcg/m^ (Section 8.0 TCE Air Guideline). 
Recent human studies have increased concern that TCE is actually a human carcinogen, and thus, 
have increased concems over the magnitude of estimated excess lifetime cancer risks at a TCE 
guideline. This concem supports a reduction ofthe tentative health-based criteria of 10 mcg/m'' 
Additional information on the use ofthe carcinogenicity data in revising the Soil Vapor/Indoor 
Air Matrix 1 (Figure 1-1), which is a tool used by NYS to make decisions about mitigating soil 
vapor intrusion into indoor air, is contained in Response 30. 
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Comment 27. Because the analyses are being used to support a TCE inhalation guideline, it is 
most appropriate to utilize the human epidemiologic studies, which evaluate TCE inhalation 
exposures. The Hansen et al. (2001) study meets all the NYS DOH selection parameters and is a 
strong and appropriate choice. However, the Raaschou-Nielsen et al. (2003) study and 
references therein have desirable attributes (large population and more exposure 
characterization) and including a more detailed analysis of this study along with Hansen would 
add perspective and would better reflect the richness in the many epidemiologic studies. 

Response 27. We agree. We added a new secfion to the criteria document Section 5.1.1.2 
Potential Criteria based on Raaschou-Nielsen et al. (2003). Unfortunately, the limitations ofthe 
exposure data in Raaschou-Nielsen et al. (2003), even supplemented by considerations of 
additional exposure data from Hansen et al. (2001) and Raaschou-Nielsen et al. (2001, 2002), 
compromise any quantitative estimate ofthe potency of occupational TCE exposures to cause 
cancer in humans. However, a qualitative analysis ofthe exposure-response relationship 
reported in Raaschou-Nielsen et al. (2003) in comparison to the exposure-response relationship 
reported in Hansen et al. (2001) (i.e., reduced TCE exposure reduces risk of TCE-related 
cancers) provides supporting evidence for the potential TCE air criteria based on the excess 
cancer risks seen in Hansen et al. (2001). 

Comment 28. Cancer risks are evaluated individually but the human experience is cumulative of 
all the risks. This should be mentioned and supports the need for a cautious approach to 
choosing the guideline. 

Response 28. We agree. We added a statement on this issue to the final criteria document 
(Section 8.1 Recommended TCE Air Criteria and Uncertainties). The degree to which the risk 
may be underestimated depends, in part, on the number of cancer types the chemical causes in a 
species and the potency ofthe chemical to cause each cancer type in a species. For TCE, which 
causes kidney cancers and testes tumors in rats, and malignant lymphoma and liver and lung 
cancer in mice, the effect is small. The increases in the calculated risks based on a single site 
(the most sensitive site, testes in rats and lymphoma in mice) and based on two sites (kidney and 
testes in rats) or three sites (liver, lung, and lymphoma in mice) are 11% and 36%, respectively. 

6. Guideline Derivafion 

Comment 29. The use of scientific expert judgement in the evaluation and synthesis of scientific 
data is appropriate for establishing air guidelines. The basis for the determination ofthe final 
guideline of 5 mcg/m^ is not sufficiently clear and transparent. Show how you synthesize the 
data for a final decision regarding the recommended guideline value. The draft document should 
state clearly how these numbers were weighted and what justification was used in the final 
determination. 

Response 29. We agree. The final criteria document contains a more focused discussion ofthe 
factors that were used to derive the guideline of 5 mcg/m^. Changes were made in several areas. 
Section 1.0 (Introduction) ofthe draft document was expanded to include a discussion ofthe 
differences between air criteria and a guideline. Section 3.6 ofthe draft document (re-named 
Selection of a Recommended TCE Air Criterion Based on Non-Carcinogenic Effects) was 
substantially revised to include a discussion of how criteria based on the non-carcinogenic 
effects of TCE on CNS, liver, kidney, male reproductive system, and sensitive lifestages were 
weighed in the derivation of a single criterion protective of all non-carcinogenic effects of TCE. 
Finally, Section 8 ofthe draft document (re-named TCE Air Guideline) was substantially revised 
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to provide a discussion ofthe factors, besides health-based criteria, that were considered in 
derivation ofthe guideline. 

Comment 30. Some panel members suggested that additional consideration be given to lowering 
the guideline value. 

Response 30. Although we did not lower the guideline, we used the results ofthe risk 
assessment and other information (see Appendix 6) to modify the Soil Vapor/Indoor Air Matrix 
1 (Figure 1-1), which is a tool used by NYS to make decisions about mitigating soil vapor 
intrusion into indoor air (NYS DOH, 2006). A major revision decreases the minimum TCE 
indoor air concentrations where mitigation is recommended from 2.5 mcg/m'' to 1 mcg/m'' when 
soil gas concentrations and the potential for soil vapor intrusion are moderate (i.e., sub-slab 
concentrations are equal to or greater than 50 mcg/m^ but less than 250 mcg/m'') (Table 8-2). 
This change increases the range of indoor air concentrations that NYS DOH will take actions to 
reduce or monitor exposures, even at air concentrations less than the guideline of 5 mcg/m''. 

Comment 31. Move the discussion of Appendix A to the text and include in the discussion the 
differences between the NYS DOH and US EPA selection and use of studies for the 
development of an air guideline. 

Response 31. Appendix A (Discussion of US EPA (2001) Human-Based Estimates ofthe 
Trichloroethene Air Concentration Associated With An Excess Lifetime Cancer Risk of One in 
One Million) ofthe draft criteria document was revised slightly and placed in the main body of 
the final criteria document (5.1.1.3 Potential Criteria Based on Other Epidemiological Studies). 

Comment 32. Include aggregate and cumulative risks in the discussion. Include chemicals 
commonly found with TCE. State how you will address exposure to chemical mixtures in 
evaluating risk. 

Response 32. We agree that the issues of aggregate exposures and cumulative risk are important 
issues, but disagree with the recommendation to include these issues in the final criteria 
document. We believe that these issues are best addressed on a case-by-case or site-by-site 
basis. 

Aggregate exposure is the combined exposures of an individual to a single contaminant 
from various routes, pathways, or sources of exposure (US EPA, 2003). Aggregate exposure to 
TCE can be divided into exposures associated with a specific contaminated site and those not 
associated with that site. Biomonitoring data, however, suggest that most non-occupationally 
exposed Americans do not have detectable levels of TCE in their blood. Ashley et al. (1994) 
reported that only 13% of 677 people who participated in the Third National Health and 
Nutrition Examination Survey (NHANES III, which collected samples from 1988 - 1994) had 
levels above the detection limit of 0.01 mg TCE/L blood. In contrast, the frequency of detection 
for many other volatile organic chemicals (e.g., acetone, benzene, 1,1,1-trichloroethane, 1,4-
dichlorobenzene, tetrachloroethene, toluene, and xylene) was 75% or higher. A more recent 
study (Sexton et al., 2005) of 150 children from two poor, minority neighborhoods in 
Minneapolis, Minnesota found similar results. Only 3.2 - 7.0% of sampled children had 
detectable levels (0.01 mg/L or greater) of TCE in their blood. These data suggest that the 
general population exposure to TCE is low or infrequent. 
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The low detection frequency of TCE in human samples suggests, but does not prove, that 
background exposure ofthe general population to TCE is low. This is because TCE has a 
relatively short half-life in humans, and so only recent exposures would be detected by 
biomonitoring data. However, available data on TCE in ambient air, the most likely major 
source of exposure for the general population (US EPA, 2001a) suggest that background levels 
are rarely above 1 mcg/m^ (Table 7-1). The limited use of TCE in consumer products and the 
low frequency of detection of TCE in food and drinking water (Section 7.0 Potential Sources of 
Exposures) also suggest that the general population exposure to TCE is infrequent. 
Consequently, the potential health risks from aggregate exposures to TCE were not incorporated 
in the derivation ofthe TCE guideline. 

However, the potential for other non-site or non-air exposures to TCE is not ignored 
when they are identified. Multiple source exposures should be evaluated on a case-by-case basis. 
In such cases, advice or remedial action can be recommended to reduce exposures from all 
contaminated media. NYS environmental investigations are trained to recognize the need for a 
careful evaluation ofthe potential human health effects of aggregate exposures. 

Cumulative risk is another factor considered but not formally integrated into the 
derivation ofthe TCE air guideline. Cumulative risk is the combined risks from aggregate 
exposures to multiple chiemicals (i.e., the risk from exposures to chemical mixtures). Risk 
assessment methods to evaluate cumulative risk from chemical mixtures are less certain than 
those used to evaluate the risk from a single chemical. Moreover, the risk assessment methods 
and the results ofthe risk assessment would vary with the changes in the composition ofthe 
mixture. This makes it difficult to incorporate methods to compensate for cumulative risk into a 
guideline for a single chemical. Consequently, the potential health risks from cumulative 
exposures to mixtures containing TCE and other chemicals was not incorporated in the 
derivation ofthe TCE guideline. 

As with aggregate exposures, cumulative exposures and risks are not ignored when they 
are present. NYS environmental investigations are trained to recognize the need for a careful 
evaluation ofthe potential human health effects of mixtures. When necessary, mixtures are 
evaluated using recommended approaches for the assessment of non-carcinogenic and 
carcinogenic risks from chemical mixtures (ATSDR, 2004; NRC, 1989; US EPA, 1989; 2000a). 

Comment 33. Re-evaluate background levels of TCE in air. 

Response 33. We revised Table 7-1, which is a summary of background TCE concentrations in 
indoor and outdoor air samples. The revision included adding recent data from the RIOPA 
(Relationship of Indoor, Outdoor, and Personal Air) Study (Weisel et al., 2005). 

Comment 34. Childhood and in utero susceptibility (sensitivity) needs to be explicitly 
addressed. Idenfify data gaps or strengths. NYS DOH should consider using an UF of 3-10 to 
account for potential infant and childhood sensitivity jn deriving potential air criteria based on 
both cancer and non-cancer endpoints. 

Response 34. The draft criteria document was revised in several places to explicitly consider, 
and if appropriate, use an uncertainty factor for the potentially greater sensitivity of fetuses, 
infants, and children to intemal doses of TCE (pharmacodynamic component ofthe intrahuman 
uncertainty factor). In the derivation of childhood-specific criteria based on CNS effects, we 
used an uncertainty factor of 3 for the increased sensitivity of children and a defauh uncertainty 
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factor of 10 for human variation. However, we considered, but did not use an extra uncertainty 
factor for the potentially increased sensitivity of children in the derivations of criteria based on 
liver and kidney effects. The data used to support these decisions are provided in the relevant 
sections ofthe final criteria document (Sections 3.1.4, 3.2.4, and 3.3.4). 

It is important to note that the recommended criteria based on liver and kidney effects are 
160 mcg/m'', and if an uncertainty factor of 3 or 10 were used to compensate for lifestage 
sensitivity, the resultant criteria would be 50 and 16 mcg/m ,̂ respectively. These values are 
higher than the criterion based on CNS effects (10 mcg/m^) and the TCE guideline (5 mcg/m^). 

We did not use an uncertainty factor for potentially increased sensitivity of children for 
developmental effects because the studies assessed toxicity in a sensitive lifestage, and such an 
uncertainty factor is unnecessary. Similarly, we concluded that its use was not necessary in the 
derivation of criteria based on effects on the male reproductive system. 

An uncertainty factor 30 was used for humaii variation in the derivation of criteria based 
on carcinogenic effects using non-linear, low-dose extrapolation. This larger than typical 
uncertainty factor was used given the possible association between in utero exposures to TCE 
and childhood leukemia. 

Part 2 - Response to Comments of Individual Members ofthe Trichloroethene (TCE) Panel 

In this section, we respond to those comments that were not addressed in our responses to the 
consensus comments in the final report ofthe panel (Part 1). The comments and responses are 
organized by subject matter and range from general comments on the processes used to derive 
quantitative health-based TCE air criteria or the TCE air guideline to specific comments on a 
particular health endpoint (e.g., CNS, cancer) or method (e.g., PBPK models). All referenced 
Sections or Tables are those in the final criteria document 

General 

Comment 1. Describe the statutory authority under which the criteria and guideline are 
developed. 

Response 1. The NYS DOH has substantial authority to issue guidance for evaluating exposure 
to air contaminants such as TCE. The sources of this authority are provisions ofthe Public 
Health Law (e.g., Secfions 201(l)(n), 206(l)(a), 206(l)(d), 1300(1), 1389-b(l)(a), 1389-b(2), 
1389-b(3)), the Environmental Conservation Law (e.g., secfions 27-1305(2)(b), 27-1415(4), 
27-1415(7)(c), 27-1415(9)) and the Navigation Law (e.g., Sections 177-a(4) and (5)), which 
empower the NYS DOH to respond to conditions that may adversely affect public health. The 
statutory authority empowers the NYS DOH to assess and address threats to the public health, 
nuisances, inactive hazardous waste disposal sites, brownfield sites, and petroleum discharges. 
The NYS DOH regularly investigates, assesses, and participates in the development of response 
actions at sites where air contamination has been identified. 

Comment 2. What is the relationship ofthe 2003 guideline to the 2005 guideline? Does the 
draft criteria document follow the process used in 2003 with newer studies and the PBPK and 
MOE advances added in? 
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Response 2. Yes. The 2003 guideline of 5 mcg/m'' was based on a preliminary review of some 
ofthe important critical studies on the toxicity of TCE. The criteria document was undertaken to 
evaluate more comprehensively the toxicity data on TCE and to provide a more substantial 
foundation for the TCE guideline. Neither guideline was based solely on the results of a single 
toxicity study, which might change as risk assessment methods change or when new data are 
generated. Rather, both guidelines were based on an integrated analysis of information on TCE's 
potency to cause a variety of cancer and non-cancer effects, background TCE air concentrations 
in indoor and outdoor air, and analytical methods for measuring TCE in air samples. 

Comment 3. Expand the Introduction to better explain the organization ofthe document and to 
explain how the possible vulnerability of children is addressed. 

Response 3. The Introduction was revised to orient the reader to the structure ofthe criteria 
document. However, material on the potenfially greater sensitivity of children to the effects of 
TCE was added to other sections ofthe final criteria document. These include Section 3 (Non-
Carcinogenic Effects) and Section 5 (Carcinogenic Effects) 

Comment 4. Provide more information on the application ofthe benchmark methodology, 
especially the modeling of continuous variables and the identification of significant departures 
from normal (i.e., 1, 5, or 10%). 

Response 4. We followed the recommendations contained in the US EPA (2000b) Benchmark 
Dose Technical Guidance Document in both the draft and final criteria document (see Section 
3.0 Low-Dose and Cross-Species Extrapolation Procedures). In addition, we added to the final 
criteria document the exact dose-response data modeled using US EPA's (2001b) Benchmark 
Dose Software Version 1.3.2 (see Tables 3-6a. 3-6b, 3-8b, 3-14a, 3-14d, 3-23c, 3-23d, 3-23e, 
and 3-23f). Thus, we have provided sufficient information to enable others to reproduce our 
calculations. 

Non-Carcinogenic Developmental Effects 

Comment 5. It is not the case, as noted by NYS DOH, that standard fetal cardiac evaluations are 
not sensitive enough to detect cardiac malformations. 

Response 5. During our re-evaluation ofthe Dawson et al. (1993) drinking water studies on 
congenital heart defects in rats (see Response 11 in Part 1 of this appendix), our review ofthe 
methods for heart defects indicated that some ofthe early negative studies on the tetratogenicity 
of TCE (e.g., Schwetz et al., 1975; Dorfmueller et al., 1979, and perhaps Hardin et al., 1981 and 
Healy et al., 1982) used a standard examination technique (free hand razor sectioning) with a 
limited ability to detect heart defects (Claudio et al., 1999; Tyl and Marr, 2006; Sterz and 
Lehmann, 1985). We agree, however, that the recent Dow Chemical Company (2001) study, , 
which was also negative, followed standard US EPA guidelines for developmental toxicity tests 
and used a heart dissection and evaluation technique that was an improvement over the free hand 
razor sectioning technique used in earlier studies. This and other material on the re-evaluation is 
contained in a new section ofthe final criteria document (3.5 Developmental Effects, 3.5.2 
Animal Studies, Fetal Heart Defects in Rats). 

Comment 6. Consider a recently published article reviewing the evidence linking TCE exposure 
to cardiac malformations. 
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Response 6. In our re-evaluation ofthe Dawson et al. (1993) drinking water studies on 
congenital heart defects in rats, we reviewed and cited in the final criteria document two recent 
reviews (Hardin etal., 2005; Watson et al., 2006) on the evidence linking TCE exposures to 
congenital heart defects (see Response 11 in Part 1 of this appendix). 

Comment 7. A broader discussion regarding the effect of TCE on neurodevelopment and 
behavior should be included. Specifically, consider the reports of White et al. (1997) and Reif et 
al. (2003) which suggest that neurodevelopmental and neurobehavioral effects, respectively, are 
associated with oral TCE exposure;) 

Response 7. We added a discussion on the potenfial effects of TCE on the CNS of developing 
organisms, including children, to the final criteria document. This material includes mention of 
the White et al. (1997) study (see Section 3.1.4 Potenfial Childhood-Specific TCE Air Criteria 
Based on CNS Effects). We did not add Reif et al. (2003) because the study participants were all 
adults and it did not add to the toxicity data on developmental neurotoxicity. 

Animal Carcinogenicity Studies 

Comment 8. Provide greater discussion of uncertainfies associated with PBPK modeling to 
derive dose metrics used in cancer cross-species extrapolations and exposure - response 
assessment. 

Response 8. A discussion of uncertainties in the pharmacokinefic model description of TCE 
exposure was added to Section 2.5 Physiologically Based Pharmacokinetic Models. 

Comment 9. Re-evaluate the defensibility of using PBPK generated dose metrics for any organ 
other than liver. Specifically, the use of DCVC for kidney, chloral hydrate for lung, TCE for 
anything other than lung cancer (or CNS effects) is questionable/not recommended. The use of 
PBPK models to assign risk to target tissues other than liver should be completed only under the 
framework of protecting the public health. Also, TCA (free fraction) may be less questionable as 
dose metric, as a conservative approach, given that it has been shown to cause cancer in mice 
and it has the longest half-life in the body. 

Response 9. We added a discussion of some ofthe outstanding uncertainties regarding 
appropriate intemal dosimeters to use for interspecies extrapolation in dose-response assessment 
to a revised Section 2.5 (Physiologically Based Pharmacokinetic Models). , 

In both the draft and final criteria document, our choice ofthe preferred dose metrics was 
based on the weight-of-evidence or lack-of-evidence on the appropriate intemal dose metric 
(Section 5.4 Recommended TCE Air Criteria Based on Carcinogenic Effects, Criteria Based on 
Animal Data). For criteria based on liver cancer, the evidence strongly supported our choice of 
TCA AUC as the recommended dose metric. For criteria based on kidney cancer, the evidence 
in support of DCVC as the recommended dose metric was weaker, and we chose both LADE 
(default) and DCVC AUC as the recommended dose metrics. However, potential criteria based 
on DCVC AUC were higher than recommended criteria based on non-carcinogenic effects, and 
thus, were not important factors in the derivation ofthe TCE guideline. For the other 
cancers/tumors (lung, testes, and lymphoma), the evidence did not support the use of intemal 
dose metrics and we used LADE as the recommended dose metric. We did not have confidence 
in the use of chloral as the recommended dose metric for lung cancer. We found little or no 
scientific data to support the use of TCA as the dose metric for testes or for lymphoma. 
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However, we presented potential criteria based all relevant internal dose metrics for comparison 
with potential criteria based on LADE (Table 5-38). 

Human Carcinogenicity Studies 

Comment 10. Include consideration and discussion ofthe following reviews: Lavin et al. (2000), 
Mandel and Kelsh (2001), McLaughlin and Blot (1997) and Weiss (1996). Also consider Lynge 
et al. (1997), lARC (1995), NTP (2000), Wartenberg et al. (2000), Wartenberg and Scott (2002), 
US EPA (2002), and Huff et al. (2004). 

Response 10. These and other relevant references were considered during the preparation ofthe 
revised section in the final criteria document on the relationship between TCE exposures and 
cancer (Section 5.0 Carcinogenic Effects, 5.1 Human Studies). 

Comment 11. Re-consider whether epidemiological evidence is as strong as noted - based on a 
recent meta-analysis summarized in more detailed individual comments. 

Response 11. We reviewed the available literature, included the comments submitted by 
individual panel members, and did not find sufficient evidence to alter our conclusions regarding 
the evidence on the human carcinogenicity of TCE. 

t 

Comment 12. Estimate TCE air concentrations based on human kidney, liver cancer from 
Hansen etal. (2001). 

Response 12. In Hansen et al. (2001), the standard incidence ratio (SIR) for liver cancer among 
men was 2.6, however, the increase was not statistically significant (95% confidence intervals = 
0.8 - 2.6). The SIR for kidney cancer among men was 0.9 (95% confidence intervals = 0.2 -
2.6). Neither cancer was seen in the women ofthe cohort. Given these results, which do not 
indicate that the occupational TCE exposures of this cohort caused liver or kidney cancer, we did 
not estimate the TCE risk-specific (e.g., one-in-one million) air concentrations based on liver or 
kidney cancer. ' 

Comment 13. Re-consider human evidence linking TCE or organic solvent exposure to NHL -
specifically consider NHL incidence/prievalence in the following studies: Hansen et al. (2001), 
Raaschou-Nielsen et al. (2003), Axelson et al. (1994), Hardell et al. (1994), Anttila et al. (1995), 
Blair et al. (1998), Boice et al. (1999), Morgan et al. (1998) and Garabrant et al. (1988). Also 
consider theses studies linking NHL to organic solverit exposure: Brandt (1987), Olsson and 
Brandt (1988), Pearce and Bethwaite (1992), Weisenburger (1994), Persson (1996) and Rego 
(1998). . 

Response 13. These and other relevant studies and their results were reviewed and considered 
during the preparation ofthe revised section in the final criteria document on the relationship 
between TCE exposures and NHL (Section 5.0 Carcinogenic Effects, 5.1 Human Studies, 
Summary of Human Studies). One study (Garabrant et al., 1988) was not cited explicitly 
because only part ofthe cohort was exposed to TCE and the study was summarized in 
Wartenberg et al. (2000) (see Table 5-1). 
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TCE Air Guideline 

Comment 14. The statement that there "is a positive association between TCE exposure and 
several types of cancer for humans" would be viewed as controversial, at best, by several people. 

Response 14. The exact quote is "Available epidemiology studies provide evidence for a 
positive association between occupational TCE exposure and several types of cancer in humans, 
most notably liver/biliary cancer, kidney cancer, NHL, esophageal cancer, and to a lesser extent 
Hodgkin's disease and cervical cancer...." Our review ofthe available literature during the 
preparation ofthe final criteria document did not find sufficient evidence to alter our conclusions 
regarding the evidence on the human carcinogenicity of TCE. 

Comment 15. Include routes of administration in summary tables summarizing air criteria. 
r 

Response 15. The table containing the summary of recommended air criteria based on non
carcinogenic effects (Table 3-25) contains information on route of exposure. Tables containing 
the summary of recommended air criteria based on carcinogenic effects (Tables 3-38 and 3-39) 
identify all the animal studies used in criteria derivations as inhalafion studies. 

Comment 16. Tabulate potency of TCE following inhalation and compare with potency 
following oral administration for all endpoints, non-cancer and cancer. 

Response 16. As discussed in Comment 7 and Response 7 of Part 1 of this appendix, we 
compared the oral and inhalation doses that caused male reproductive effects (Table 3-15). 
However, we did not however, present such analysis for the non-carcinogenic effects on the liver 
and kidney nor for carcinogenic effects because oral studies were not identified as critical studies 
for these endpoints. For developmental effects, the need for the comparison was reduced by the 
similarities in potential criteria derived from the results ofthe three critical studies (one 
inhalation study and two oral studies) and the supporting oral study when all are based on the 
same dose metric and type of point-of-departure (Table 3-24). 

Comment 17. Consider a visual graphic to illustrate how guideline was identified. 

Response 17. We did not include a graphic of all endpoints but revised old tables and added new 
tables (Tables 3-16, 3-24, 3-25, 5-39, and 8-1) and new material on guideline derivation 
(Secfion 8.0 TCE Air Guideline) to help the reader understand guideline derivation. 

PBPK Models 

Comment 18. Add a more detailed PBPK chapter (with model parameter values, simulations, 
table of results, etc), including a table with experimentally determined and/or starting values for 
the model parameters and cite their origin and the final Bayesian determined value. 

Response 18. A more detailed description ofthe PBPK models used in the dosimetry analyses 
was added as Appendix 2. The specific model structure and parameter sets used were cited in 
the draft criteria document. The parameter values are now also explicitly listed in Table A-1 of 
Appendix 2. 

Comment 19. Consider more recent data sets for model validation. 
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Response 19. The models employed in the dosimetry analysis were considered adequately 
validated based on their ability to simulate empirical pharmacokinetic data presented in the 
published work by Clewell et al. (2000) and Bois (2000a,b). There was no compelling reason to 
attempt further validation testing ofthe models well after the dosimetry analysis had been 
completed. 

Comment 20. Re-consider sole reliance on Clewell model. 

Response 20. We discussed the rationale for utilizing the Clewell et al. (2000) model structure in 
the draft criteria document. Additional acknowledgement ofthe ongoing process of TCE model 
refinement and harmonization was added to in Section 2.5 Physiologically Based 
Pharmacokinetic Models. However, efforts to develop a final "harmonized' model were not 
completed in time to be incorporated into the final criteria document. We chose a model 
published in the peer-reviewed literature that best met our criteria for adequate validafion and 
applicability to dosirnetry analysis in multiple species, endpoints, and modes-of-action. 
Rhomberg (2000) contains a full discussion ofthe differences in risk estimates for a variety of 
health endpoints as a function of different PBPK models. 

Appendix 4. References 

Anttila A, Pukkala E, Sallmen M, et al.. 1995. Cancer incidence among Finnish workers 
exposed to halogenated hydrocarbons. J Environ Occup Med. 37:797-806. 

Arito H, Takahashi M, Ishikawa T. 1994. Effects of subchronic inhalation exposure to low-
level trichloroethene on heart rate and wakefulness-sleep in freely moving rats. Jpn J Ind 
Health. 36:1-8. 

Ashley DL, Bonin MA, Cardinali FL, et al. 1994. Blood concentrations of volatile organic 
compounds in a nonoccupationally exposed US population and in groups with suspected 
exposure. Clin Chem. 40:1401-1404. 

ATSDR (Agency for Toxic Substances and Disease Registry). 1997. Toxicological Profile for 
Trichloroethylene. Atlanta, GA: US Department of Health and Human Services, Public 
Health Service. 

ATSDR (Agency for Toxic Substances and Disease Registry). 2004. Guidance Manual for the 
Assessment of Joint Toxic Action of Chemical Mixtures. Atlanta, GA: US Department 
of Health and Hurrian Services. 

Axelson O, Selden A, Andersson K, Hogstedt C. 1994. Updated and expanded Swedish cohort 
study on trichloroethylene and cancer risk. J Occup Med. 36(5):556-562. 

Barton HA, Clewell III HJ. 2000. Evaluating noncancer effects of trichloroethene: Dosimetry, 
MOA, and risk assessment. Environ Health Persp. l08(Suppl 2):323-334. 

Blair A, Hartge P, Stewart PA, et al. 1998. Mortality and cancer incidence of aircraft 
maintenance workers exposed to trichloroethylene and other organic solvents and 
chemicals: extended follow up. Occup Environ Med. 55(3):161-171. 

363 

AR100732



Boice JD Jr, Marano DE, Fryzek JP, et al. 1999. Mortality among aircraft manufacturing 
workers. Occup Environ Med. 56(9):581-597. 

Bois FY. 2000a. Statisfical analysis of Fisher et al. PBPK model of trichloroethylene kinetics. 
Environ Health Perspect 108 (suppl 2): 275-282. 

Bois FY. 2000b. Statistical analysis of Clewell et al. PBPK model of trichloroethylene kinefics. 
Environ Health Perspect. 108 (suppl 2): 307-316. 

Brandt L. 1987. Leukemia and lymphoma risks derived from solvents. Med Oncol Tumor 
Pharmacother. 4:199-205. 

Claudio L, Bearer CF, Wallinga D. 1999. Assessment ofthe US Environmental Protecfion 
Agency methods for identification of hazards to developing organisms. Part II: The 
developmental toxicity testing guideline. Am J Ind Med. 35(6):554-563. 

Clewell HJ, Gentry PR, Allen BC, et al. 2000. Development of a physiologically-based 
pharmacokinetic model of trichloroethylene and its metabolites for use in risk 
assessment. Environ Health Perspect. 108 (Suppl 2):283-305. 

Dawson BV, Johnson PD, Goldberg SJ, Ulreich JB. 1993. Cardiac teratogenesis of halogenated 
hydrocarbon-contaminated drinking water. J Am Coll Cardiol. 21:1466-1472. 

Dorfmueller MA, Henne SP, York RG, et al. 1979. Evaluation of teratogenicity and behavioral 
toxicity with inhalation exposure of maternal rats to trichloroethene. Toxicology. 
14:153-166. 

Dow Chemical Company. 2001. Trichloroethylene: Inhalation Developmental Toxicity Study 
in CD Rats. Study ID 981129. Midland, MI: Toxicology and Environmental Research 
and Consulfing. 

DuTeaux SB, Berger T, Hess RA, et al. 2004. Male reproductive toxicity of trichloroethylene: 
sperm protein oxidafion and decreased fertilizing ability. Biol Reprod. 70:1518-1526. 

Fisher JW. 2000. Physiologically-based pharmacokinetic models for trichloroethylene and its 
oxidative metabolites. Environ Health Perspect. 108 (Suppl 2): 265-273. 

Fisher JW, Channel SR, Eggers JS, et al. 2001. Trichloroethene, trichloroacetic acid, and 
dichloroacetic acid: Do they affect fetal rat heart development? Int J Toxicol. 
20:257-267. 

Garabrant DH, Held J, Langholz B, Bernstein L. 1988. Mortality of aircraft manufacturing 
workers in southern California. Am J Ind Med. 13(6):683-693. 

Goldberg SJ, Lebowitz MD, Graver EJ, Hicks S. 1990. An associafion of human congenital 
cardian malformations and drinking water contaminants. J Am Coll Cardiol. 16:155-
164. 

Hansen J, Raaschou-Nielsen O, Christensen JM, et al. 2001. Cancer incidence among Danish 
workers exposed to trichloroethylene. J Occup Environ Med. 43(2): 133-139. 

364 

AR100733



Hardell L, Eriksson M, Degerman A. 1994. Exposure to phenoxyacetic acids, chlorophenols, or 
organic solvents in relation to histopathology, stage, and anatomical localization of non-
Hodgkin's lymphoma. Cancer Res. l:54(9):2386-2389. 

Hardin BD, Bond GP, Sikov MR, Andrew FD. 1981. Testing of selected workplace chemicals 
for teratogenic potential. Scand J Work Environ Heafth. 7(Suppl 4):66-75. 

Hardin BD, Kelman BJ, Brent RL. 2005. Trichloroethylene and dichloroethylene: A critical 
review of teratogenicity. Birth Defects Res A Clin Mol Teratol. 73(12):931-955. 

Healy TEJ, Poole TR, Hopper A. 1982. Rat fetal development and maternal exposure to 
trichloroethene 100 ppm. Br J Anaesth. 54:337-340. 

Henschler D, Romen W, Elsasser HM, et al. 1980. Carcinogenicity study of trichloroethylene 
by long-term inhalation in three animal species. Arch Toxicol. 43:237-248. 

Huff J, Melnick R, Tomatis L, et al. 2004. Trichloroethylene and cancers in humans. 
Toxicology. 15:197(2): 185-187. 

lARC (International Agency for Research on Cancer). 1995. Monographs on the evaluation of 
carcinogenic risks to humans. Vol 63. Dry-cleaning, some chlorinated solvents, and 
other industrial chemicals. Lyon, France: World Health Organization 

Isaacson LG, Taylor DH. 1989. Maternal exposure to 1,1,2-trichloroethene affects myelin in the 
hippocampal formation ofthe developing rat. Brain Res. 488:403-^407. 

Johnson PD, Dawson BV, Goldberg SJ. 1993. Spontaneous congenital heart malformations in 
Sprague-Dawley rats. Lab Anim Sci. 43:183-188. 

Johnson PD. 2005. E-mail correspondence with Dr. Jan Storm, New York State Department of 
Health. 

Kumar P, Prasad AK, Dutta KK. 2000. Steroidogenic alterations in testes and sera of rats 
exposed to trichloroethylene (TCE) by inhalation. Hum Exp Toxicol. 19:117-121. 

Kumar P, Prasad AK, Maji BK, et al. 2001. Trichloroethylene induced testicular toxicity in rats 
exposed by inhalafion. Hum Exp Toxicol. 20:585-589. 

Land PC, Owen EL, Linde HW. 1981. Morphologic changes in mouse spermatozoa after 
exposure to inhalational anesthetics during early spermatogenesis. Anesthesiology. 
54:53-56. 

Lavin AL, Jacobson CF, DeSesso JM. 2000. An assessment ofthe carcinogenic potential of 
trichloroethylene in humans. Human Ecol Risk Assessment. 6(4):575-641. 

Lynge E, Anttila A, Hemminki K. 1997. Organic solvents and cancer. Cancer Causes Control. 
8(3):406^19. 

365 

AR100734



Mandel J, Kelsh M. 2001. A review ofthe epidemiology of trichloroethylene and kidney 
cancer. Human Ecol Risk Assessment. 7(4):727-735. 

McLaughlin JK, Blot WJ. 1997. A critical review of epidemiology studies of trichloroethylene 
and perchloroethylene and risk of renal-cell cancer. Int Arch Occup Environ Health. 
70:222-231. 

Morgan RW, Kelsh MA, Zhao K, Heringer S. 1998. Mortality of aerospace workers exposed to 
trichloroethylene. Epidemiology. 9(4):424-431. Erratum in: Epidemiology. 2000. 
11(3):360. 

NRC (National Research Council. 1989. Drinking Water and Health. Selected Issues in Risk 
Assessment. Vol. 9. Mixtures. Washington, DC: National Academy Press. 

NTP (National Toxicology Program). 1986. Trichloroethylene (CAS # 79-01-6): Reproduction 
and Fertility Assessment in F344 Rats When Administered in Feed. NTP Report 
#RACB84112. Research Triangle Park, NC: US Department of Health and Human 
Services, Public Health Service. 

NTP (National Toxicology Program). 2000. Draft Report on Carcinogens Background 
Document for Trichloroethylene December 13-14, 2000 Meeting ofthe NTP Board of 
Scientific Counselors Report on Carcinogens Subcommittee. Research Triangle Park, 
NC: US Department of Health and Human Services, Public Health Service. 

NYS DOH (New York State Department of Health). 2005. Draft Report. Trichloroethene Air 
Criteria Document. August. Troy, NY: Center for Environmental Health, Bureau of 
Environmental Exposure Investigation. 

NYS DOH (New York State Department of Health). 2006. Guidance for Evaluating Soil Vapor 
Intrusion in the State of New York. Final Draft. Troy, NY: Center for Environmental 
Health, Bureau of Environmental Exposure Investigation. 

Olsson H, Brandt L. 1980. Occupational exposure to organic solvents and Hodgkin's disease in 
men. A case-referent study. Scand J Work Environ Health. 6(4):302-305. 

Pastino GM, Yap WY, Carroquino M. 2000. Human variability and susceptibility to 
trichloroethylene. Environ Health Perspect. 108 (Suppl 2):201-214. 

Pearce N, Bethwaite P. 1992. Increasing incidence of non-Hodgkin's lymphoma: Occupational 
and environmental factors. Cancer Res. 52(Suppl l):5496s-5500s. 

Persson B. 1996. Occupational exposure and malignant lymphoma. Int J Occup Med Environ 
Health. 9:309-321. 

Raaschou-Nielsen O, Hansen J, Christensen JM, et al. 2001. Urinary concentrations of 
trichloroacetic acid in Danish workers exposed to trichloroethylene, 1947-1985. Am J 
Ind Med. 39(3):320-327. 

Raaschou-Nielsen O, Hansen J, Thomsen BL, et al. 2002. Exposure of Danish workers to 
trichloroethylene, 1947-1989. Appl Occup Environ Hyg. 17(10):693-703. 

366 

AR100735



Raaschou-Nielsen O, Hansen J, McLaughlin JK, et al. 2003. Cancer risk among workers at 
Danish companies using trichloroethylene: A cohort study. Am J Epidemiol. 
158(12):1182-1192. 

Rasmussen K, Arlien-Soborg P, Sabroe S. 1993. Clinical neurological findings among metal 
degreasers exposed to chlorinated solvents. Acta Neurol Scand. 87:200-204. 

Rego MA. 1998. Non-Hodgkin's lymphoma risk derived from exposure to organic solvents: A 
review of epidemiologic studies. Cad Saude Publica. 14 (Suppl 3):41-66. 

Reif JS, Burch JB, Nuckols JR, et al. 2003. Neurobehavioral effects of exposure to 
trichloroethylene through a municipal water supply. Environ Res. 93(3):248-258. 

Rhomberg LR. 2000. Dose-response analyses ofthe carcinogenic effects of trichloroethylene in 
experimental animals. Environ Health Perspect. 108:(Suppl 2):343-358. 

Schwetz BA, Leong BKJ, Gehring PJ. 1975. The effect of matemally inhaled trichloroethene, 
perchloroethylene, methyl chloroform, and methylene chloride on embryonic and fetal 
development in mice and rats. Toxicol Appl Pharm. 32:84-96. 

Sexton K, Adgate JL, Church TR, et al. 2005. Children's exposure to volatile organic 
compounds as determined by longitudinal measurements in blood. Environ Health 
Perspect. 113(3):342-349. 

I 

Sterz H, Lehmann H. 1985. A critical comparison ofthe freehand razor-blade dissection 
method according to Wilson with an in situ sectioning method for rat fetuses. Teratog 
Carcinog Mutagen. 5(5):347-354. 

Tyl RW, Marr MC. 2006. Developmental Toxicity Testing - Methodology. In: Developmental 
and Reproductive Toxicology. Hood, RD, ed. Boca Raton: Taylor and Francis, pp. 
201-261. 

US EPA (United States Environmental Protection Agency). 1989. Risk Assessment Guidance 
for Superfund. Volume I, Human Health Evaluation Manual, Part A. EPA/540/1-89/. 
Washington, DC: Office of Emergency and Redmeidal Response. 

US EPA (United States Environmental Protection Agency). 1992. Draft Report: A Cross-
Species Scaling Factor for Carcinogen Risk Assessment Based on Equivalence of 
mg/kg'̂ 'Vday. Fed Register. 57:24152-24173. 

US EPA (United States Environmental Protection Agency). 1994. Methods for Derivation of 
Inhalation Reference Concentrations and Application of Inhalation Dosimetry. 
EPA/600/8-90/066F. Washington, DC: Office of Research and Development. 

US EPA (United States Environmental Protection Agency). 2000a. Supplementary Guidance 
for Conducting Health Risk Assessment of Chemical Mixtures. Risk Assessment Forum 
Technical Panel. EPA/630/R-00/002. Washington, DC: Risk Assessment Forum. 

367 

AR100736



US EPA (United States Environmental Protection Agency). 2000b. Benchmark Dose Technical 
Guidance Document, External Revie\y Draft. EPA/630/R-00/001. Washington, DC: 
Risk Assessment Forum. 

US EPA (United States Environmental Protection Agency). 2001a. Trichloroethylene Health 
Risk Assessment: Synthesis and Characterization, Extemal Review. EPA/600/P-
01/002A. Washington, DC: Office of Research and Development. 

US EPA (United States Environmental Protection Agency). 2001b. Help Manual for 
Benchmark Dose Software v.l .3. EPA/600/R-00/014F. Washington, DC: Office of 
Research and Development. 

US EPA (United States Environmental Protection Agency). 2002. Review of Draft 
Trichloroethylene Health Risk Assessment: Synthesis and Characterization: An EPA 
Science Advisory Board Report. EPA-SAB-EHC-03-002. Washington, DC: US EPA 
Science Advisory Board. 

US EPA (United States Environmental Protection Agency). 2003. Framework for Cumulative 
Risk. Assessment. EPA/630/P-02/001F. Washington DC: Risk Assessment Forum. 

US EPA (United States Environmental Protection Agency). 2005a. Guidelines for Carcinogen 
Risk Assessment. EPA/630/P-03/001F. Washington, DC: National Center for 
Environmental Assessment, Office of Research and Development. 

US EPA (United States Environmental Protection Agency). 2005b. Supplemental Guidance for 
Assessing Susceptibility from Early-Life Exposure to Carcinogens. EPA/630/R-03/003F. 
Washington, DC: Risk Assessment Forum. 

Wartenberg D, Reyner D, Scott CS. 2000. Trichloroethylene and cancer: Epidemiologic 
evidence. Environ Health Perspect. l08(Suppl 2): 161-76. 

Wartenberg D, Scott CS. 2002. Carcinogenicity of trichloroethylene. Environ Health Perspect. 
110(1):A13-A14. 

Watson RE, Jacobson CF, Williams AL, et al. 2006. Trichloroethylene-contaminated drinking 
water and congenital heart defects: A critical analysis ofthe literature. Reprod Toxicol. 
21(2): 117-147. (E pub 2005 Sept 21). 

Weisel C P, Zhang J, Turpin BJ, et al. 2005. Relationships of Indoor, Outdoor, and Personal Air 
(RIOPA). Boston, MA:Health Effects Institute, Houston, TX: National Urban Air Toxics 
Research Center. 

Weisenburger DD. 1994. Epidemiology of non-Hodgkin's lymphoma: Recent findings 
regarding an emerging epidemic. Ann Oncol. 5(Suppl 1):S19-S24. 

Weiss NS. 1996. Cancer in relation to occupational exposure to trichloroethylene. Occup 
Environ Med. 53(1): 1-5. 

White RF, Feldman RG, Eviator II, et al. 1997. Hazardous waste and neurobehavioral effects: a 
developmental perspective. Environ Res. 73(1-2):113-124. 

368 

AR100737



Yauck JS, Malloy ME, Blair K, et al. 2004. Proximity of residence to trichloroethylene-emitting 
sites and increased risk of offspring congenital heart defects among older women. Birth 
Defects Res A Clin Mol Teratol. 70(10):808-814. 

Yauck JS, McCarver DG. 2005. Trichloroethylene exposure and congenital heart defects: Reply 
to Drs. Scialli and Gibb. Birth Defects Res A Clin Mol Teratol. 73:256-257. 

369 

AR100738



Appendix 5. Response to Comments. 

Part 1. Public Comments Made During Trichloroethene (TCE) Panel Meeting 
Part 2. Unsolicited Written Comments 
References 
Attachment 1. Letter to Dr. Nancy Kim, New York State Department of Health, from Gradient 

Corporation 

370 

AR100739



Appendix 5. Response to Public Comments 

Part 1. Public Comments Made During Trichloroethene (TCE) Panel Meeting 

Nine scientists with expertise in toxicology, epidemiology, or public health were asked to 
critically review the "Draft Report Trichloroethene Air Criteria Document" dated August 2005, 
prepared by staff of the New York State Department of Health (NYS DOH). On August 25 and 
26, 2005, the NYS DOH convened a TCE Panel meeting to discuss and comment on the draft 
document. Time was scheduled during the meeting for oral public comments. Three people 
spoke. 

Comment 1. Deborah Hall, a resident of Hopewell Junction, NY, expressed her concems about 
TCE vapor intrusion into homes in Hopewell Junction and the its link to cancers diagnosed in her 
neighborhood. Ms. Hall advocated tesfing for TCE, its metabolites, and other organic solvents in 
all potentially affected homes in Hopewell Junction and to limit the use of TCE in New York 
State. Ms. Hall also urged the State to take mitigative measures in people's homes if any TCE is 
present, and not monitor the situation depending on the level found in a wait-and-see approach. 

Response 1. New York States approach to managing vapor intrusion is provided in the Guidance 
for Evaluating Soil Vapor Intrusion in the State of New York (NYS DOH, 2006). The approach 
(see Figure 1-1) recommends mitigafion under certain conditions when TCE indoor air 
concentrations are above the detection limit but are below the guideline of 5 mcg/m^ or even 
under certain conditions when TCE indoor air concentrations are non-detectable. 

Comment 2. Swiatoslav Kaczmer, Ph.D., commented on the methodology and assurnptions used 
to derive the TCE air guideline. Dr. Kaczmer generally felt that the TCE air guideline was too 
low to be supported by the available scientific literature. Dr. Kaczmer also commented that the 
draft TCE Air Criteria Document doesn't provide any guidance for how or when mitigative 
measures should be taken if TCE is found at or above the guideline level. 

Response 2. Although we disagree with Dr. Kaczmer's comments about the 
methodologies/assumptions used to derive the TCE guideline and the guideline itself, we do 
agree, however, that the draft criteria document did not contain an adequate description of how 
the guideline will be used to manage and mitigate the risk from TCE in air. Consequently, we 
have revised the draft criteria document to help explain how the guideline can be used in NYS 
programs to reduce the health risks from TCE air exposures (see 1.0 Introduction, 8.0 TCE Air 
Guideline, Appendix 1. Trichloroethene Fact Sheet, and Appendix 6 State of New York -
Department of Health Interoffice Memorandum). 

Comment 3. Margaret J. Horton, Dutchess County legislator, expressed her concerns about 
groundwater contaminated with TCE in Hopewell Junction. She commented that there is an 
increased occurrence of children with serious illness and a search for answers to these illnesses 
in her constituents. Ms. Horton also thanked the DOH for drafting the TCE Air Criteria 
Document and the TCE Panel for taking time to review and comment on the document. 

Response 3. We appreciate the comment. 
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Part 2. Unsolicited Written Comments 

One interested party (Gradient Corporation) submitted comments on the draft criteria 
document. The comments were submitted at the request ofthe Corporate Remediation Group of 
the E. I. du Pont de Nemours Company. Substantive comments and our responses are provided 
below. A copy of the comments is attached to this appendix (Attachment 1). All referenced 
Sections or Tables are those in the final criteria document. 

Comment 1. There is ori-going debate conceming the potenfial carcinogenicity of TCE. It is not 
mentioned in the executive summary, and we suggest that it should be mentioned. Similarly, 
estirnated air criteria based on the carcinogenic effects in humans (Hansen et al., 2001) are based 
on cancer sites (non-Hodgkin's lymphoma (NHL) and esophageal cancer), which may not be 
supported by results ofthe larger scientific literature. We suggest that language concerning the 
uncertainties inherent in the analysis ofthe Hansen et al. (2001) data be included in the executive 
summary and Secfion 5.1 ofthe Air Criteria document. 

Response 1. We believe our characterization ofthe weight-of-evidence on the carcinogenicity of 
TCE contained in the executive summary ("Available epidemiological studies provide evidence 
for a positive association between occupational TCE exposures and several types of cancer in 
humans, most notably liver/biliary cancer, kidney cancer, non-Hodgkin's lymphoma, esophageal 
cancer, and to a lesser extent Hodgkin's disease and cervical cancer.") is sufficient and does not 
need to be modified by mention of an on-going debate. Our statement in the revised executive 
summary that "The human dose-response data on the carcinogenicity of TCE are insufficient to 
derive regulatory criteria primarily because of unavoidable uncertainties in the exposure 
estimates and the lack of clear dose-response relationships." is stronger than the statement 
contained in the draft executive summary. It clearly indicates our concem about the quality of 
the human data for use in dose-response assessment. Similar statements regarding our concerns 
about the human data are found in Section 5.1.1.1 Potential Criteria based Hansen et al. (2001). 

Comment 2. The document should provide additional discussion on the high dose nature of both 
non-cancer and cancer kidney effects. 

Response 2. Given the content and purpose ofthe criteria document, we did not prepare a 
lengthy and comprehensive review ofthe data on the high dose nature of kidney effects. Rather, 
we characterized the uncertainties regarding this issue and provide relevant references that 
discuss the issue in more detail (e.g.. Section 5.2.2 Potential Air Criteria Based on Kidney 
Cancer in Rats). 

Comment 3. We believe the data from the Anttila et al. (1995) study are sufficiently valid in 
terms of evaluating exposures for use in quantitative dose-response assessment. The large 
sample size of this study (i.e., approximately 3000 TCE exposed employees) remedies one ofthe 
deficiencies the US EPA identified for the more recent Hansen et al. (2001) study. 

Response 3. Our final criteria document contains a discussion ofthe limitation ofthe Anttila et 
al. (1995) study for use in dose-response assessment (Section 5.1.1.3 Potenfial Criteria Based on 
Other Epidemiological Studies). Also, we added to the final criteria document another section 
(5.1.1.2. Potential Criteria Based on Raaschou-Nielsen et al. (2003)) that qualitatively supports 
the risk estimates based on Hansen et al. (2001), and thus, addresses some ofthe concerns raised 
by the small number of workers studied in Hansen et al. (2001). 
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Comment 4. We disagree with the approach used to summarize the cancer risks based on the 
Hansen et al. (2001) study. Briefly, the NYS DOH computed a range of cancer risks and 
corresponding air concentrations by running the Hansen et al. (2001) data through an average 
relative risk model with several variable input parameters (e.g., relative risk, exposure duration, 
average exposure concentration)). The ranges in air concentration for each endpoint (esophageal 
cancer, NHL) were combined and then the geometric means ofthe estimates for each risk level 
(1 X 10"^ 1 X 10"̂  1 X 10"'') were calculated. This approach may not be statistically valid. 

Response 4. We revised our summary (Section 5.1.1.1 Potential Criteria Based Hansen et al. 
(2001)) ofthe range of potential air criteria based on the excess cancer risks seen observed in 
Hansen et al. (2001). We re-evaluated our draft estimates of average exposure concentrations 
and determined that the lower estimate (77 mg/m'') was not well supported by data. Moreover, 
we presented potential criteria based on estimates on the SIR (standard incidence ratio) and those 
based on upper bound estimate ofthe SIR for both NHL and esophageal cancer. Hovvever, we 
also reported that risk estimates did not vary much by cancer site or exposure duration. For 
example, the arithmetic mean, geometric mean, and median ofthe six estimates (based on two 
cancer sites and three estimates of exposure duration) ofthe TCE air concentrations associated 
with an excess lifetime human risk of 1 x 10"̂  are all 0.4 mcg/m if rounded to one significant 
figure. For estimates based on the SIR, the arithmetic mean, geometric mean, and median ofthe 
six estimates ofthe TCE air concentrations associated with an excess lifetime human risk of 1 x 
10"̂  are all 0.9 mcg/m'' if rounded to one significant figure. 

References for Appendix 5 

Anttila A, Pukkala E, Sallmen M, et al. 1995. Cancer incidence among Finnish workers 
exposed to halogenated hydrocarbons. J Environ Occup Med. 37:797-806. 

NYS DOH (New York State Department of Health). 2006. Guidance for Evaluating Soil Vapor 
Intrusion in the State of New York. Final Draft. Troy, NY: Center for Environmental 
Health, Bureau of Environmental Exposure Investigation. 

Hansen J, Raaschou-Nielsen O, Christensen JM, et al. 2001. Cancer incidence among Danish 
workers exposed to trichloroethylene. J Occup Environ Med. 43(2):133-139. 

Raaschou-Nielsen O, Hansen J, McLaughlin JK, et al. 2003. Cancer risk among workers at 
Danish companies using trichloroethylene: A cohort study. Am J Epidemiol. 
158(12):1182-1192. 

Attachment 1 to Appendix 5 

Letter from Gradient Corporation (dated October 6, 2005) to Dr. Nancy Kim of New York State 
Department of Health. 
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: ^ October 6. 2005 

==Z. . J^ Nancy Kiin. Ph. D. 
Gradient Direclor. Division of Environmental Health Assessment 
,o.r.,.>:.o. Center for Enviromnental Health 

NY Depanment of Health 
547 River Street 
Troy. NY 12180 

Subject: C onunents on Draft TCE Air Cntena Docmnenr 

Dear Dr Kim: 

We are writing, to you concerning the New York Department of Healtli's Draft TCE Air Criteria 
Document {.̂ ujnist. 2005). We recently published a paper discussing weiglit of evidence issues and . 
endpomt selection for TC:E (Lewandowski and Rlioinberg. 2005, Regulatoty Toxicology and 
Phanuacoiog\', Voimne 41. pp 39-54) Oiu paper contauied several elements wliich have a bearing 
on the evaluation conducted by the Department for TCE. For that reason, we were asked by the 
Corporate Remediation Group of the E. I, du Pont de Nemours Company to rê ê̂ v and comment on 
the air criteria document. Our conmwnts are as follows; 

1) In general, the draft aii criteria document represents a comprehensive review ofthe available 
toxicological data for TCE. Of particular note, the NYS DOH scientists reviewed and 
evaluated the data associated with a large number of toxicological endpoints and calculated 
endpoint-specific air criteria values for each prior to deciding which value(s) to use as the 
basis of the final air criterion. The Agency also considered difTerent dosimetry and low-dose 
extrapolation altematives (includmg nonlinear analyses), which is laudable. While tending 
to emphasize the linear extrapolations (likely the most conservative approach), presenting 
the results of alternative inethods helps to demonstrate the luicertainties involved. 

2) The NYS DOH analysis is no\el in that the final air criterion value chosen. 5 (.ig m"'. is not 
based on a panicular individual endpoint. but represents a best judgment value based on 
estimates deri\ed for several of the most conserv-ative endpoints {i.e.. developmental 
toxicity. Ih êr cancer, and kidney cancer). This methodology correctly recognizes tiiat there 
IS uncenamty inlierent in the process of dose-response assessment {i.e.. there are 
uncertainties associated with stiidy design limitations, liigh-to-low dose extrapolation, and 
extrapolation across species) and that the value finally chosen is really only an 
approximation of the true risk. In addition, the NYS DOH approach also avoids the problem 
of identifying one particular value/endpoint as the "right" one and all the others as somehow 
less than satisfactory^ a conchision that would be inconsistent \\n\\ the a\ailable TCE 
toxicological dataset. In \iew of the contmuing uncertainties and contro^•ersles in the 
assessment of TC E carcinogenicity, there is value in identify'ing an allowable indoor air le\'el 
tliat can serve as an interim, practical basis for decision-making, one that is defensible in 
view ofthe several alternative bases for risk analysis but that does not purport to reflect (or 
depend upon) any single basis exactly. 

3) In some areas, the re\iew appears to give relatively more anention to studies presenting 
positive evidence and relatively less attention to negative smdies. For example, under the 
discussion of human cancer evidence, there is considerable discussion of the controversial 
Henschler et al. (1995) study but relatively little discussion of the substantial number of 
largely negati\^e smdies in human occupational populations (as summarized in Wartenberg et 
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Page 2 

al , 2000). Similarly, although reviews by the Instimte of Medicine (2003) and Wong 
(2004), which did not find support for a causal association between TCE exposure and 
cancer, are mentioned in Section 5.1, the considerable debate concerning the potential 
carcinogenicity of TCE is not mentioned at all in the. executive summary where only the 
positive evidence of an association is noted. 

4) With particular respect to the toxicological effects of TCE on the kidney, both cancer and 
general organ toxicity, we believe the document should pro\'ide additional discussion on the 
high dose nature of the effects. In both humans (Henschler et al., 1995; 'Vavamkas et al., 
1998, 2000) and animals (NCL 1976; NTP, 1988, 1990; Maltoni et a l , 1988), kidney 
toxicity has been obser\'ed only after very higli exposures. Kidney cancer has not been 
observed in aay of the occupational smdies involving lower exposure levels, and these 
exposures are still higher than those likely m the non-occupational environment (Hansen et 
ai., 2001; Wartenberg et al., 2000). Researchers in this area have also stated in several 
publicatiotts that the effects of TCE on the kidney are likely restricted to very liigh doses and 
are consequently of limited relevance to human environmental exposures (Bruning et al., 
1997; Bruning and Bolt, 2000). 

5) The other nvo endpoints rehed on by NYS DOH for estabhsliing the air criterion appear to 
be much more sound. Liver cancer is observ'ed in animal (i.e., mice) and human studies, 
although the observed excess in human studies is both low and only observed sporadically. 
It IS also worth noting that the U.S. EPA Science Advisory Board, while reviewing the U.S. 
EPA's 2001 TCE health assessment document, noted diat liver cancer appeared to be the 
carcinogemc endpomt with the strongest evidence (U.S. EPA SAB, 2002). Tlius, liver tumor 
data in animals, supported by at least some evidence in humans, appears to be an appropriate 
dataset Upon which to base an air criterion. Tlie developmental toxicity-based criterion (11 
(ig'ni^), based on tlie rat study of Dawson et al., 1993, also appears to be sound, although the 
Agency rightly notes sonie of issues with the study (e.g., whether the cardiological effects 
observed are adverse). The fact that PBPK model predictions of the adverse effect levels 
from an earlier developmental smdy (Healy et al., 1982) suggest values which are only 
slightly higher than those derived from the Dawson et al. study lends additional support for 
the Agency's analysis. Given that both the liver cancer and the developmental endpoints are 
somewhat imcertain and subject to debate, it seems most reasonable to select a fmal air 
criterion that is compatible with both v^alues. 

6) We note tliat the NYS DOH chose to not use data from several large epidemiological 
investigations (e.g., Antilla et al., 1995; Cohn et al., 1994; Henschler et al., 1995) because 
"the studies do not meet minimal criteria for use in dose-response assessment" (NYS DOH, 
p. 130). In our paper, although we agreed tiiat the data from the smdies of Cohn et al., 1994 
and Henschler et al., 1995 were inadequate, we felt data from the Antilla et al. study were 
sufficiently valid in temis of evaluating exposures for use in quantitative dose-response 
assessment. We note that the large sample size of this study (i.e., approximately 3,000 TCE 
exposed employees) remedies one of the deficiencies the Agency identifies for the more 
recent Hansen et al. (2001) study. As we stated in our paper, however, different scientists 
may reach different conclusions conceming the trade-off between die greater exposure 
control offered in animal smdies and the more direct relev^auce of smdies in human 
populations. In our paper, we suggested that the mouse hver mmor data were the best 
animal dataset for assessing TCE dose-response and in fact used the mouse data to provide 
support for a toxicity value derived from the human liver tumor data. Thus, NYS DOH's use 
of the mouse liver tumor data as one endpoint for the selected Air Criterion appears to be 
supported by tlie occupational hteratiue. 

l>.>^^]i>«rf».'Y8naHna> lO-lfUl&ibt 
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7) Wule NYS DOH did not judge the data of Hansen et al. (2001) to be adequate for 
quantitative dose-response assessment, these data were used as a "reality check" of the 
results derived using animal data. However, we believe the .Agency employed an approach 
that may not be statistically valid Briefly, the NYS DOH computed a range of cancer risks 
and corresponding air concentrations by ruiming the Hansen et at. data tlirough an average 
relatne risk model with se\'cral variable input parameters {e.g.. relative risk, exposure 
duration, average exposxu ê concentration) (p. 132). The ranges m air concentration for each 
endpomt (esopliageal cancer. NHL) were combined (p. 133) and then the geometnc means 
ofthe estimates for each risk level (10"*, 10"'. 10"̂ ) were calculated. Tliis approach is only 
appropriate for independent data which follow certain specific data distributions Tlie 
computed data range, which is derived using values w-hich are obviously correlated and 
which themselves embody differing levels of probability (e.g., the SIR or the 95Va CI on the 
SIR), should not be treated as a statistical distribution for wluch a parameter such as a 
geometric mean has any meaning. In addition, the endpoints identified by the Hansen c a!. 
(2001) smdy, esophageal cancer and NHL. are also problematic m that they have been 
infrequently reported m other human studies (Wartenberg et al.. 2000) and do not appear to 
be reproduced in animal smdies. Tlius, estimated air criteria based on these endix)ints may 
not be well supported by the larger scientific hteranire. We tlierefore suggest that additional 
iangiiage concerning the uncertainties inherent in the .Agency's analysis of the Hansen et cl. 
data be included in the executive summary and Section 5.1 ofthe Air Criteria document. 

Overall, the NYS DOH is to be commended for undertaking such a detailed and comprehensive 
analysis. .Althougli we may disagree regarding the interpretation of particular sets of data, the 
method the .Agency used to select the 5 ng/m' air quality criterion represents a reasonable approach 
that should be protective of the public health and that contiiuies to acknowledge the uncenamty in 
tlie TCE risk assessment process 

We appreciate tliis oppommiry to provide input on the standard setting process. Please feel free to 
contact us if you ha\-e any questions concerniiig our conuiients or would like additional infomiation. 

Sincerely, 

GRADIENT CORPORATION 

Tliomas A. Lewandowski. Ph.D., D.ABT Lorenz R. Rliombers, Ph.D. 
Senior Toxicologist Principal 

O'>.>.>/'.MTiOrfHIi^r* t'"..i:">i,'t 
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Appendix 6. State of New York - Department of Health Interoffice Memorandum on 
Trichloroethene (October 12, 2006). 

Memo to Ronald Tramontano from Nancy Kim 
Attachment 1. Draft Matrices February 23, 2005 
Attachment 2. Final Matrices October 18, 2006 
Attachment 3. Tables 1 and 2 
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STATE OF NEW YORK - DEPARTMENT OF HEALTH 
INTEROFFICE MEMORANDUM 

TO: Ronald Tramontano, Director 
Center for Environmental Health 

FROM: Nancy K. Kim, Director 

Division of Environmental Health Assessment 

SUBJECT: Trichloroethene 

DATE: October 12, 2006 

Center for Environmental Health staff in the New York State Department of Health (DOH) have 
written several documents to address health concerns about exposure to trichloroethene (TCE) 
from soil vapor intrusion and are revising those documents in response to comments from a 
scientific review panel and the public. The documents and related reports are: 

Draft Report Trichloroethene Air Criteria Document (DOH, 2005)(contains the 
derivation ofthe TCE guideline), 

Comments ofthe Trichloroethene (TCE) Panel (letter from Henry Anderson, M.D. to 
Nancy K. Kim, Ph.D. dated November 1, 2005), 

Guidance for Evaluating Soil Vapor Intrusion in the State of New York, Public Comment 
Draft (DOH, 2005), which includes the 

Soil Vapor/Indoor Air Matrix 1 and Matrix 2 (both are a decision making tool for 
soil vapor and indoor air levels), and 

TCE in Indoor and Outdoor Air (fact sheet), and 

Assessing the Human Health Risks of Trichloroethylene: Key Scientific Issues, a report 
issued by the National Research Council (NRC) ofthe National Academy of 
Sciences (July, 2006). 

After reviewing these materials, I am recommending that we change Matrix 1. The 
2.5 micrograms of trichloroethene per cubic meter of indoor air (2.5 mcg/m^) in the column 
headings for Indoor Air Concentration of Compound in Matrix 1 should be reduced to 1.0 
mcg/m . I am also recommending that mitigate be included as an option in Box 10 of Matrix 1 
and Box 6 of Matrix 2. 

Use ofthe Air Guideline 

The purpose ofthe air guideline for TCE of 5 mcgW given in the fact sheet, "...is to help guide 
decisions about the nature ofthe efforts to reduce TCE exposures. Reasonable and practical 
actions should be taken to reduce TCE exposure when indoor air levels are above background, 
even when they are below the guideline of 5 mcg/m .̂ The urgency to take actions increases as 
indoor air levels increase, especially when air levels are above the guideline. In all cases, the 
specific corrective actions to be taken depend on a case-by-case evaluation ofthe situation. The 
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goal ofthe recommended action is to reduce TCE levels in indoor air to as close to background 
as practical." This general advice applies to all situations including the following: 

an individual wants to know if he should keep a closed bottle of TCE in his house, 
a school asks DOH if it has a problem with a bottle of TCE being in a shop, and 
an office wants to know if it should do anything about residual exposure from past TCE 

use. 

. DOH also uses the guideline to make decisions about the need for remedial actions because of 
state regulated sources or sites. DOH would use this value to decide if it needs to work with the 
New York State Department of Environmental Conservation to reduce outdoor air levels of TCE. 
DOH also uses this value in Matrix 1, a decision making tool for responding to soil vapor 
intrusion problems; for this use, the guideline is considered to be a TCE concentration that 
should not be exceeded in indoor air. 

Indoor Air Concentrations 

Several different studies provide information about background levels of TCE in indoor air. 
These data differ because of a number of factors such as the criteria for choosing sampling 
locations,, the time period ofthe studies, etc. Three studies give a 50* percentile (less than 0.25 
mcg/m'', less than 1.4 mcg/m"' and 0.12 mcg/m'') and a 95"̂  percentile (less than 0.25 mcg/m ,̂ 
1.36 mcg/m^ and 4.2 mcg/m^). Two studies provide a 75* percentile (less than 0.25 mcg/m'' and 
1.2 mcg/m ). One way to characterize these values is to state that background values are mostly 
less than 1 mcg/m'' and frequently less than 0.25 mcg/m^ (References: DOH 2003, USEPA 
2001, and HEI, 2005) 

Peer Review ofthe Derivation ofthe TCE Air Guideline 

After receiving the TCE panel's comments, the Department considered changes in the guideline ' 
or Matrix 1. The TCE panel was asked to answer technical questions about the derivation ofthe 
guideline and a specific question on the guideline itself (Is the summary transparent and does it 
adequately justify the guideline of 5 mg/m''?). In responding to the latter question, several panel 
members voiced their opinion about what they would select as a guideline. The consensus 
comment from the panel was "Some panel members suggested that additional consideration be 
given to lowering the guideline value." 

The panel also commented on aspects ofthe guideline when answering questions about cancer 
risk estimates. 

One of the panel's consensus comment was: 

"The fact that TCE is a muhi-species and multi-site carcinogen with a combination of both 
malignant and benign tumors should be fiarther emphasized in the document because these data 
coupled with the human data have led several authoritative bodies (EPA, NTP, & lARC) to the 
conclusion that TCE is on the cusp between a known and probable (likely, reasonably anticipated 
to be) human carcinogen. Thus, the NYSDOH should have flexibility in using risk levels of both 
1 in 10"̂  and 1 in 10"̂ ." (Part of response to question 4 ofthe TCE Panel's comments.) 

Another consensus comment was: 
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"The rationale to utilize the human epidemiologic studies for weight of evidence support for the 
animal carcinogenicity studies rather than as the primary for the quantitative cancer risk 
assessment is appropriate. The weaknesses ofthe exposure estimates and potential confounding 
exposures support this decision. However, the DOH may want to consider the human studies to 
a greater extent when weighting the cancer evidence to establish a guideline." (Part of response 
to question 5 ofthe TCE Panel's comments) 

Other, individual comments on the guideline follow. 

George Lucier, Ph.D. 

"Based on the available data, especially the cancer data, a guideline in the range of 
1-5 mcg/m'' could be justified. After all, a linear model cannot be rejected, for some sites 
acceptable risk levels are less than 5 mcg/m^ and in some cases less than I mcg/m"' and EPA has 
stated that TCE is highly likely to be a human carcinogen. The NYSDOH may wish to consider 
an acceptable risk level to be 3-5 cancers per million since TCE appears to be on the cusp 
between a known human carcinogen and a probable human carcinogen." 

James Dix, Ph.D. 

"The extensive review ofthe cancer literature in the draft document seems to indicate TCE levels 
giving 1 x 10"* increased cancer risk can be in the range 0.1-1 mcg/m^ (e.g., p. 132, 133, 141, 
147, 149, and 150 ofthe draft document), which prima facia (sic) would support an air criterion 
of below 1 p,/m''(sic). The DOH weighted these studies less. However, given the support on this 
scientific review panel for weighting the non-Hodgkin's lymphoma more strongly, an air 
criterion of less than 1 ^g/m^ might be justified." 

NRC Report on Trichloroethene 

In July 2006, the NRC released its report on TCE. We have reviewed that report. The 
approaches and methods we used to derive health-based air criteria for TCE are consistent with 
the recommendations ofthe NRC Committee. For example, both NRC and DOH identified 
kidney cancer, liver cancer, central nervous system effects, reproductive problems and 
developmental problems as human health endpoints that might be sensitive to the effects of TCE. 
NRC recommended that animal data, not human health data, be used to derive quantitative 
estimates of human cancer risks from TCE exposure and that the available human data be used 
only for validation. DOH used this approach in evaluating cancer risks. 

Integration, Matrix 1 and Matrix 2 

The attached tables compare the TCE criteria in the draft document with the revised TCE criteria 
in the final document. These data indicate that the guideline of 5 mcg/m'' is below the 
recommended health-based criteria for non-cancer effects and that the excess lifetime cancer 
risks at the guideline are in the lower end of the risk range that is generally used by regulatory 
agencies when setting guidelines or standards. However, Matrix 1 is a major determinant for 
remediation in the soil vapor intrusion program, a state program addressing involuntary risks, 
and two revisions would help to align decisions in that program with the goals stated in the DOH 
TCE fact sheet and with the requirements ofthe Brownfields legislation. 
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In the current state program, mitigation is recommended when the potential for soil vapor 
intrusion to affect indoor air is high (sub-slab levels are equal to or greater than 250 mcg/m^) 
regardless ofthe measured indoor air levels. However, when the potential for soil vapor 
intrusion to affect indoor air is moderate (sub-slab concentrations are equal to or greater than 50 
mcg/m ,̂ but less than 250 mcg/m^), mitigation is only recommended when an indoor air level is 
equal to or greater than 2.5 mcg/m .̂ The excess risk levels associated with 2.5 mcg/m'' range 
from 0.3 to 8 x 10"*; the upper end of this range exceeds the 3 to 5 cancers per million 
recommended by Dr. Lucier and the 1x10"* risk level given in the Brownfields legislation. This 
concentration also exceeds most background concentrations for TCE, a goal stated in the TCE 
fact sheet. Reducing 2.5 mcg/m^ to 1.0 mcg/m'' in Matrix 1 would resuh in recommending 
remediation at levels above most background levels and at risk levels of 0.1 to 3 x 10'*. 

In Matrix 1 ofthe draft soil vapor intrusion guidance. Box 10 (sub-slab vapor levels of 
50 mcg/m^ or greater to less than 250 mcg/m^ and indoor air levels of 0.25 mcg/m'' or greater to 
less than 2.5 mcg/m'') recommends monitoring. (The recommendation in the previous paragraph 
would change 2.5 mcg/m^ to 1.0 mcg/m .̂) Box 10 addresses situations where the potential for 
soil vapor to affect indoor air is moderate, but indoor air levels are in the range of most 
background levels. Recommending an option for mitigation in Box 10 when environmental 
factors for a specific site suggest a high potential for indoor air concentrations to increase is 
consistent with the goals outlined in the previous paragraph. A similar mitigation option is 
recommended for Box 6 of Matrix 2. 

Attachments 
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WORKING DRAFT 02.23.05 
Soil Vapor / Indoor Air Matr ix 1 

SUBJECT TO CHANGE 

SUB-SLAB VAPOR 
CONCENTRATION of 
eOMi'OUND (mcg/m') 

<5 

5 to < 50 
50 to < 250 
250 and above 

:,..:;.•; \ r < - . • \ -v \ ; i l ; :^v ' : r : ' " : 

< 0.25 

1. No further action 

5. No further action 
9. Monitor 
13. MITIGATE 

^ ; : I N D 0 6 R AIR CONCENTRATION^ 

0.25 to < 2.5 

2. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

•6. Monitor 
10. Monitor 
14. MITIGATE 

2.5 to < 5.0 

3. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

— and — 

Monitor 

7. Monitor 
11. MITIGATE 
15. MITIGATE 

. > v ; , - ' ; . : ; ^ . \ ^ ' ^ V ; : - ; ^ ' ' ' ' : • ' ; • : , . ; : ; . • ; . 

5.0 and above 

4. MITIGATE 

— or — 

Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

— and — 
Monitor 
8. MITIGATE 
12. MITIGATE 
16. MITIGATE 

No further action: Given that the compound was not detected in the indoor air sample and that the concentration detected in the sub-slab vapor sample is not expected to 
significantly affect indoor air quality, no additional actions are needed to address human exposures. 

Take steps to identify source(s) and reduce exposures: The concentration detected in the indoor air sample is likely due to indoor and/or outdoor sources rather than soil vapor 
intrusion given the concentration detected In the sub-slab vapor sample. Therefore, steps should be taken to identify potential source(s) and to reduce exposures accordingly (e.g., 
by keeping containers tightly capped or by storing volatile organic compound-containing products in places where people do not spend much time, such as a garage or outdoor 
shed). 

Monitor as appropriate: Monitoring is needed to confirm concentrations in the indoor air have not increased due to changes in pressure gradients (e.g., deterioration of building 
foundation) or to evaluate temporal trends for relevant environmental data. Monitoring may also be needed to verify that existing building conditions (e.g., positive pressure 
heating, ventilation and air-conditioning systems) are minimizing potential effects associated with soil vapor intrusion. The type and frequency of monitoring is determined on a 
site-specific basis, taking into account applicable environmental data and building operating conditions. Monitoring is considered a temporary measure implemented to address 
exposures related to soil vapor intrusion until contaminated environmental media are remediated. 

Mitigate: Mitigation is needed to minimize current or potential exposures associated with soil vapor intrusion. The most common mitigation methods are sealing preferential 
pathways in conjunction with installing a sub-slab depressurization system, and changing the pressurization ofthe building in conjunction with monitoring. The type, or 
combination of types, of mitigation is determined on a building-specific basis, taking into account building construction and operating conditions. Mitigation is considered a 
temporary measure implemented to address exposures related to soil vapor intrusion until contaminated environmental media are remediated. 
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ADDITIONAL NOTES FOR MATRIX 1 

This matrix provides guidance on actions that should be taken to address current and potential exposures related to soil vapor 
intrusion. To use the matrix accurately as a tool in the decision-making process, the following must be noted: 

[1] The matrix is generic. As such, it may be necessary to modify recommended actions to accommodate building-specific 
conditions (e.g., dirt floor in basement, crawl spaces, etc.) and/or site-specific conditions (e.g., proximity of building to 
identified subsurface contamination) for the protection of public health. Additionally, actions more conservative than those 
specified within the matrix may be implemented at any time. For example, the decision to implement more conservative 
actions may be based on a comparison ofthe costs associated with resampling or monitoring to the costs associated with 
installation and monitoring of a mitigation system. 

[2] Actions provided in the matrix are specific to addressing human exposures. Implementation of these actions does not preclude 
the need to investigate possible sources of vapor contamination, nor does it preclude the need to remediate contaminated soil 
vapors or the source of soil vapor contamination. 

[3] Extreme care should be taken during all aspects of sample collection to ensure that high quality data are obtained. Since the 
data are being used in the decision-making process, the laboratory analyzing the environmental samples must have current 
Environmental Laboratory Approval Program (ELAP) certification for the appropriate analyte and environmental matrix 
combinations. Furthermore, samples must be analyzed by methods that can achieve a minimum reporting limit of 0.25 
microgram per cubic meter for indoor and outdoor air samples, and typically 1 microgram per cubic meter for subsurface vapor 
samples. 

[4] Sub-slab vapor and indoor air samples are typically collected during the heating season since soil vapor intrusion is more likely 
to occur when a building's heating system is in operation and air is being drawn into the building. If samples are collected 
during other times ofthe year, it may be necessary to resample during the heating season to evaluate exposures accurately. 

[5] When current exposures are attributed to sources other than vapor intrusion, the agencies must be provided documentation 
(e.g., applicable environmental data, completed indoor air sampling questionnaire, digital photographs, etc.) to support a 
proposed action other than that provided in the matrix box and to support agency assessment and follow-up. 
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Soil Vapor/Indoor Air Matrix 2 
WORKfNG DRAFT 02.23.05 SUBJECT TO CHANGE 

SUB-SLABVAPOR% ; ' 
CbNCENTRATlbN of ' v i , 
COMPOUND(iricg/Ai') -: • 

<100 

100 to < 1,000 
1,000 and above 

„ . - ' , \ " , . : ; ' v ' ' ^ • • : ' . . , i ^ \ - - - ' ^ i -5 t - ' ' ' ' " ' 'PPPi ' iAim'epNC!^ •.;.'.;•:,•/ 

<3 

1. No further action 

5. Monitor 
9. MITIGATE 

3 to < 30 

2. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

6. Monitor 
10. MITIGATE 

30 to < 100 

3. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

— and — 

Monitor 

7. MITIGATE 
11. MITIGATE 

100 and above 

4. MITIGATE 

— or — 

Take reasonable and practical 
actions to identify source(s) and 
reduce exposures 

— and — 
Monitor 
8. MITIGATE 
12. MITIGATE 

No further action: Given that the compound was not detected in the indoor air sample and that the concentration detected in the sub-slab vapor sample is not expected to 
significantly affect indoor air quality, no additional actions are needed to address human exposures. 

Take steps to identify saurce(s) and reduce exposures: The concentration detected in the indoor air sample is likely due to indoor and/or outdoor sources rather than soil vapor 
intrusion given the concentration detected in the sub-slab vapor sample. Therefore, steps should be taken to identify potential source(s) and to reduce exposures accordingly (e.g., 
by keeping containers tightly capped or by storing volatile organic compound-containing products in places where people do not spend much time, such as a garage or outdoor 
shed). 

Monitor: Monitoring, including sub-slab vapor, basement air, lowest occupied living space air, and outdoor air sampling, is needed to determine whether concentrations in the 
indoor air or sub-slab vapor have changed. Monitoring may also be needed to determine whether existing building conditions (e.g., positive pressure heating, ventilation and air-
conditioning systems) are maintaining the desired mitigation endpoint and to determine whether changes are needed. The type and frequency of monitoring is determined on a 
site-specific and building-specific basis, taking into account applicable environmental data and building operating conditions. Monitoring is an interim measure required to 
evaluate exposures related to soil vapor intrusion until contaminated environmental media are remediated. 

Mitigate: Mitigation is needed to minimize current or potential exposures associated with soil vapor intrusion. The most common mitigation methods are sealing preferential 
pathways in conjunction with installing a sub-slab depressurization system, and changing the pressurization ofthe building in conjunction with monitoring. The type, or 
combination of types, of mitigation is determined on a building-specific basis, taking into account building construction and operating conditions. Mitigation is an interim measure 
implemented to address exposures related to soil vapor intrusion until contaminated environmental tnedia are remediated. 
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ADDITIONAL NOTES FOR MATRIX 2 

This matrix provides guidance on actions that should be taken to address current and potential exposures related to soil vapor 
intrusion. To use the matrix accurately as a tool in the decision-making process, the following must be noted: 

[1] The matrix is generic. As such, it may be necessary to modify recommended actions to accommodate building-specific 
conditions (e.g., dirt floor in basement, crawl spaces, etc.) and/or site-specific conditions (e.g., proximity of building to 
identified subsurface contamination) for the protection of public health. Additionally, actions more conservative than those 
specified within the matrix may be implemented at any time. For example, the decision to implement more conservative 
actions may be based on a comparison ofthe costs associated with resampling or monitoring to the costs associated with 
installation and monitoring of a mitigation system. 

[2] Actions provided in the matrix are specific to addressing human exposures. Implementation of these actions does not 
preclude the need to investigate possible sources of vapor contamination, nor does it preclude the need to remediate 
contaminated soil vapors or the source of soil vapor contamination. 

[3] Extreme care should be taken during all aspects of sample collection to ensure that high quality data are obtained. Since the 
data are being used in the decision-making process, the laboratory analyzing the environmental samples must have current 
Environmental Laboratory Approval Program (ELAP) certification for the appropriate analyte and environmental matrix 
combinations. Furthermore, samples must be analyzed by methods that can achieve a minimum reporting limit of 3 
micrograms per cubic meter. 

[4] Sub-slab vapor and indoor air samples (basement and lowest occupied living space) are typically collected during the heating 
season since soil vapor intrusion is more likely to occur when a building's heating system is in operation and air is being 
drawn into the building. If samples are collected during other times ofthe year, it may be necessary to resample during the 
heating season to evaluate exposures accurately. 

[5] When current exposures are attributed to sources other than vapor intrusion, the agencies must be provided documentation 
(e.g., applicable environmental data, completed indoor air sampling questionnaire, digital photographs, etc.) to support a 
proposed action other than that provided in the matrix box and to support agency assessment and follow-up. 
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Soil Vapor/Indoor Air Matrix 1 
October 2006 

SUB-SLAB VAPOR 
CONCENTRATION of ^ •" .:' 
COMPOUND (mcg/m') 

<5 

5 to < 50 
50 to < 250 
250 and above 

^ ^ " 

<0 25 

1. No further action 

5. No further action 
9. MONITOR 
13. MITIGATE 

INDOOJKiiffiCONCENm 

0.25 to < 1 

2. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

6. MONITOR 
10. MONITOR/MITIGATE 
14. MITIGATE 

1 to < 5.0 

3. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

7. MONITOR 
11. MITIGATE 
IS. MITIGATE 

-'V-:'f^rSg^;:4:&0^p^gi:v[ 

5.0 and above 

4. Take reasonable and 
practical actions to 
identify source(s) and 
reduce exposures 

8. MITIGATE 
12. MITIGATE 
16. MITIGATE 

No further action: 
Given that the compound was not detected in the indoor air sample and that the concentration detected in the sub-slab vapor sample is not expected to 
significantly affect indoor air quality, no additional actions are needed to address human exposures. 

Take reasonable and practical actions to identify source($) and reduce exposures: 
The concentration detected in the indoor air sample is likely due to indoor and/or outdoor sources rather than soil vapor intrusion given the concentration 
detected in the sub-slab vapor sample. Therefore, steps should be taken to identify potential source(s) and to reduce exposures accordingly (e.g., by keeping 
containers tightly capped or by storing volatile organic compound-containing products in places where people do not spend much time, such as a garage or 
outdoor shed). Resampling may be recommended to demonstrate the effectiveness of actions taken to reduce exposures. 

MONITOR: 
Monitoring, including sub-slab vapor, basement air, lowest occupied living space air, and outdoor air sampling, is needed to determine whether concentrations 
in the indoor air or sub-slab vapor have changed. Monitoring may also be needed to determine whether existing building conditions (e.g., positive pressure 
heating, ventilation and air-conditioning systems) are maintaining the desired mitigation endpoint and to determine whether changes are needed. The type and 
frequency of monitoring is determined on a site-specific and building-specific basis, taking into account applicable environmental data and building operating 
conditions. Monitoring is an interim measure required to evaluate exposures related to soil vapor intrusion until contaminated environmental media are 
remediated. 

MITIGATE: 
Mitigation is needed to minimize current or potential exposures associated with soil vapor intrusion. The most common mitigation methods are sealing 
preferential pathways in conjunction with installing a sub-slab depressurization system, and changing the pressurization ofthe building in conjunction with 
monitoring. The type, or combination of types, of mitigation is determined on a building-specific basis, taking into account building construction and 
operating conditions. Mitigation is considered a temporary measure implemented to address exposures related to soil vapor intrusion until contaminated 
environmental media are remediated. 

MONITOR / MITIGATE: 
Monitoring or mitigation may be recommended after considering the magnitude of sub-slab vapor and indoor air concentrations along with building- and site-
specific conditions. 
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ADDITIONAL NOTES FOR MATRIX 1 

This matrix summarizes the minimum actions recommended to address current and potential exposures related to soil vapor 
intrusion. To use the matrix appropriately as a tool in the decision-making process, the following should be noted: 

[1] The matrix is generic. As such, it may be appropriate to modify a recommended action to accommodate building-specific 
conditions (e.g., dirt floor in basement, crawl spaces, etc.) and/or factors provided in Section 3.2 ofthe guidance (e.g., 
current land use, environmental conditions, etc.). For example, resampling may be recommended when the matrix indicates 
"no further action" for a particular building, but the results of adjacent buildings (especially sub-slab vapor results) indicate 
a need to take actions to address exposures related to soil vapor intrusion. Additionally, actions more protective of public 
health than those specified within the matrix may be proposed at any time. For example, the party implementing the actions 
may decide to install sub-slab depressurization systems on buildings where the matrix indicates "no further action" or 
"monitoring." Such an action is usually undertaken for reasons other than public health (e.g., seeking community 
acceptance, reducing excessive costs, etc.). 

[2] Actions provided in the matrix are specific to addressing human exposures. Implementation of these actions does not 
preclude investigating possible sources of vapor contamination, nor does it preclude remediating contaminated soil vapors 
or the source of soil vapor contamination. 

[3] Appropriate care should be taken during all aspects of sample collection to ensure that high quality data are obtained. Since 
the data are being used in the decision-making process, the laboratory analyzing the environmental samples must have 
current Environmental Laboratory Approval Program (ELAP) certification for the appropriate analyte and environmental 
matrix combinations. Furthermore, samples should be analyzed by methods that can achieve a minimum reporting limit of 
0.25 microgram per cubic meter for indoor and outdoor air samples. For sub-slab vapor samples, a minimum reporting limit 
of 5 micrograms per cubic meter is recommended for buildings with full slab foundations, and 1 microgram per cubic meter 
for buildings with less than a full slab foundation. 

[4] Sub-slab vapor and indoor air samples are typically collected when the likelihood of soil vapor intrusion to occur is 
considered to be the greatest (i.e., worst-case conditions). If samples are collected at other times (typically, samples 
collected outside of the heating season), then resampling during worst-case conditions may be appropriate to verify that 
actions taken to address exposures related to soil vapor intrusion are protective of human health. 

[5] When current exposures are attributed to sources other than soil vapor intrusion, the agencies should be given 
documentation (e.g., applicable environmental data, completed indoor air sampling questionnaire, digital photographs, etc.) 
to support a proposed action other than that provided in the matrix box and to support agency assessment and follow-up. 

[6] The party responsible for implernenting the recommended actions will differ depending upon several factors, including the 
identified source ofthe volatile chemicals, the environmental remediation program, and site-specific and building-specific 
conditions. For example, to the extent that all site data and site conditions demonstrate that soil vapor intrusion is not 
occurring and that the potential for soil vapor intrusion to occur is not likely, the soil vapor intrusion investigation would be 
considered complete. In general, if indoor exposures represent a concem due to indoor sources, then the State will provide 
guidance to the property owner and/or tenant on ways to reduce their exposure. If indoor exposures represent a concern due 
to outdoor sources, then the NYSDEC will decidis who is responsible for further investigation and any necessary 
remediation. Depending upon the outdoor source, this responsibility may or may not fall upon the party conducting the soil 
vapcir intrusion investigation. 
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Soil Vapor/Indoor Air Matrix 2 
October 2006 

SUB-SLAB VAPOR 
CONCENTRATION of 
COMPOUND (mcg/m') 

<I00 

I00to< 1,000 
1,000 and above 

INpbpRAm'Coi j IGENT^ 

<3 

1, No further action 

5. MONITOR 
9. MITIGATE 

3 to < 30 

2. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

6. MONITOR / MITIGATE 
10. MITIGATE 

30 to < 100 

3. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

7. MITIGATE 
11. MITIGATE 

100 and above 

4. Take reasonable and practical 
actions to identify source(s) 
and reduce exposures 

8. MITIGATE 
12. MITIGATE 

No further action: 
Given that the compound was not detected in the indoor air sample and that the concentration detected in the sub-slab vapor sample is not expected to 
significantly affect indoor air quality, no additional actions are needed to address human exposures. 

Take reasonable and practical actions to identify saurce(s) and reduce exposures: 
The concentration detected in the indoor air sample is likely due to indoor and/or outdoor sources rather than soil vapor intrusion given the concentration 
detected in the sub-slab vapor sample. Therefore, steps should be taken to identify potential source(s) and to reduce exposures accordingly (e.g., by keeping 
containers tightly capped or by storing volatile organic compound-containing products in places where people do not spend much time, such as a garage or 
outdoor shed). Resampling may be recommended to demonstrate the effectiveness of actions taken to reduce exposures. 

MONITOR: 
Monitoring, including sub-slab vapor, basement air, lowest occupied living space air, and outdoor air sampling, is needed to determine whether concentrations 
in the indoor air or sub-slab vapor have changed. Monitoring may also be needed to determine whether existing building conditions (e.g., positive pressure 
heating, ventilation and air-conditioning systems) are maintaining the desired mitigation endpoint and to determine whether changes are needed. The type and 
frequency of monitoring is determined on a site-specific and building-specific basis, taking into account applicable environmental data and building operating 
conditions. Monitoring is an interim measure required to evaluate exposures related to soil vapor intrusion until contaminated environmental media are 
remediated. 

MITIGATE: 
Mitigation is needed to minimize current or potential exposures associated with soil vapor intrusion. The most common mitigation methods are sealing 
preferential pathways in conjunction with installing a sub-slab depressurization system, and changing the pressurization ofthe building in conjunction with 
monitoring. The type, or combination of types, of mitigation is determined on a building-specific basis, taking into account building construction and 
operating conditions. Mitigation is considered a temporary measure implemented to address exposures related to soil vapor intrusion until contaminated 
environmental media are remediated. 

MONITOR/MITIGATE: 
Monitoring or mitigation may be recommended after considering the magnitude of sub-slab vapor and indoor air concentrations along with building- and site-
specific conditions. 
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ADDITIONAL NOTES FOR MATRIX 2 

This matrix summarizes the minimum actions recommended to address current and potential exposures related to soil 
vapor intrusion. To use the matrix appropriately as a tool in the decision-making process, the following should be 
noted: 

[1] The matrix is generic. As such, it may be appropriate to modify a recommended action to accommodate 
building-specific conditions (e.g., dirt floor in basement, crawl spaces, etc.) and/or factors provided in Section 
3.2 ofthe guidance (e.g., current land use, environmental conditions, etc.). For example, resampling may be 
recommended when the matrix indicates "no further action" for a particular building, but the results of adjacent 
buildings (especially sub-slab vapor results) indicate a need to take actions to address exposures related to soil 
vapor intrusion. Additionally, actions more protective of public health than those specified within the matrix 
may be proposed at any time. For example, the party implementing the actions may decide to install sub-slab 
depressurization systems on buildings where the matrix indicates "no further action" or "monitoring." Such an 
action is usually undertaken for reasons other than public health (e.g., seeking community acceptance, reducing 
excessive costs, etc.). 

[2] Actions provided in the matrix are specific to addressing human exposures. Implementation of these actions 
does not preclude investigating possible sources of vapor contamination, nor does it preclude remediating 
contaminated soil vapors or the source of soil vapor contamination. 

[3] Appropriate care should be taken during all aspects of sample collection to ensure that high quality data are 
obtained. Since the data are being used in the decision-making process, the laboratory analyzing the 
environmental samples must have current Environmental Laboratory Approval Program (ELAP) certification 
for the appropriate analyte and environmental matrix combinations. Furthermore, samples should be analyzed 
by methods that can achieve a minimum reporting limit of 3 micrograms per cubic meter for indoor and outdoor 
air samples. For sub-slab vapor samples, a minimum reporting limit of 5 micrograms per cubic meter is 
recommended. 

[4] Sub-slab vapor and indoor air samples are typically collected when the likelihood of soil vapor intrusion to 
occur is considered to be the greatest (i.e., worst-case conditions). If samples are collected at other times 
(typically, samples collected outside ofthe heating season), then resampling during worst-case conditions may 
be appropriate to verify that actions taken to address exposures related to soil vapor intrusion are protective of 
human health. 

[5] When current exposures are attributed to sources other than soil vapor intrusion, the agencies should be given 
documentation (e.g., applicable environmental data, completed indoor air sampling questionnaire, digital 
photographs, etc.) to support a proposed action other than that provided in the matrix box and to support agency 
assessment and follow-up. 

[6] The party responsible for implementing the recommended actions will differ depending upon several factors, 
including the identified source ofthe volatile chemicals, the environmental remediation program, and site-
specific and building-specific conditions. For example, to the extent that all site data and site conditions 
demonstrate that soil vapor intrusion is not occurring and that the potential for soil vapor intrusion to occur is 
not likely, the soil vapor intrusion investigation would be considered complete. In general, if indoor exposures 
represent a concern due to indoor sources, then the State will provide guidance to the property owner and/or 
tenant on ways to reduce their exposure. If indoor exposures represent a concern due to outdoor sources, then 
the NYSDEC will decide who is responsible for further investigation and any necessary remediation. 
Depending upon the outdoor source, this responsibility may or may not fall upon the party conducting the soil 
vapor intrusion investigation. 
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Table 1. Non-Carcinogenic Effects: Draft and Final Criteria Used in Guideline Derivation. 

Organ/System/ 
Lifestage 

CNS 

Liver 
Kidney 

Reproduction 

Developmental 

Study* 

Arito etal. (1994) 
Rasmussen etal, (1993) 
Kjellstrand etal. (1983) 
Kjellstrand etal. (1983) 

Land etal. (1981) 
DuTeaux et al. (2004) 

Kumaretal. (2000; 2001a) 
NTP (1986) 

Dawson etal, (1993) 
Healy etal. (1982) 

Isaacson & Taylor (1989) 
NTP (1986) 

Recommended TCE Air Criteria (mcg/m^) 
Draft 

Study 
40 
40 
160 
165 
32 
110 

not done 
not done 

11 
38 
19 

not done 

System 

40 

160 
165 

32 

II 

Final 
Study 

4 (childhood) 
11 (adult & childhood) 
160 (adult & childhood) 
160 (aduh & childhood) 

32 
110 
20 
110 

11 (supporting study) 
38 
19 
22 

System 

10 

160 
160 

20 

20 

'References from Trichloroethene Air Criteria Document. 
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Table 2. Carcinogenic EfTects: Draft and Final Criteria Used in Guideline Derivation. 

Cancer 

Recommended TCE Air Criteria (mcg/m^)* 
Draft 

LADE 
Unadjusted | Adjusted** 

LADD 
(PBPK) 

Final 
LADE 

Unadjusted | Adjusted** 
LADD (PBPK) 

Animal Data (Fukuda et al., 1983; Henschler et al., 1980; Maltoni et al., 1986)*** 
liver 

kidney 

lymphoma 

testes (benign) 
lung 

1.8 
13 

not done 
not done 

1,4 
3100 

not a recommended site 

1,8 
13 

0.3 

1.1 
7.8 

not done 

1.4 
3100 

not done given 
uncertainty in 
appropriate 
internal dose & 
mode of action 

not a recommended site 
not a recommended site 

Human Data (Hansen et al., 2001)*'** 
esophagus 

NHL 
0.077-1,2# 
0.062-0.91# 

not done 
not done 

not done 
not done 

0.36-1.2## 
0.29-0.91## 

not done 
not done 

not done 
not done 

•Air concentrations associated with an excess lifetime human risk of I x 10 are provided for comparative purposes, air 
concentrations associated with excess risks 1 x 10"'and 1 x lO"* are lOX and lOOX the given concentration. 

**The LADE (lifetime average daily exposure) estimates based on linear low-dose extrapolation are unadjusted and adjusted 
for the potential increased sensitivity of children to the early-life TCE exposures following US EPA guidance. Adjusted 
values were not calculated using age-specific intemal dose metrics (LADD, lifetime average daily dose) because validated 
TCE PBPK models for children are unavailable and because of additional uncertainties associated with estimating model 
parameter values for children. Adjusted values were not calculated based on lymphomas because the mode-of-action for 
those cancers is unknown, and in such cases, the US EPA guidance recommends using unadjusted values. 

***References from Trichloroethene Air Criteria Document. 

# Range of values based on two measures of relative risk, two occupational exposure levels, and three estimates of exposure 
duration, 

## Range of values based on two measures of relative risk, one occupational exposure level, and three estimates of exposure 
duration. 
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